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Section  1.  INTRODUCTION  AND  OVERALL  OBJECTIVES 


This  URI  effort  has  been  a  comprehensive  interdisciplinary  program  of 
basic  research  on  displadve,  possibly  martensitic  phase  transformations  in 
ceramics.  The  objectives  were: 

(i)  to  raise  the  level  of  understanding  of  these  mechanisms  to  that 
comparable  with  martensitic  transformations  in  metal  systems, 

(ii)  to  shed  more  light  on  the  phenomenon  of  martensitic  nucleation  in  any 
solid  state  system,  through  the  study  of  this  phenomonon  in  ceramics. 

Potential  applications  lie  in  several  fields  of  materials  science  and 
engineering,  such  as  in  electronic  ceramics  or  in  structural  damage  control  in 
ceramic-ceramic  composites,  both  at  ambient  or  at  elevated  temperatures.  Some 
such  applications  are  briefly  described  as  follows. 

The  electrical  changes  accompanying  transformations  in  perovskite- 
structures  are  well  established  in  the  electronic  ceramic  industries.  More  recently, 
however,  ferroelastic  transformations  in  non-perovskites  which  involve 
comparatively  large  volume  and/or  unit  cell  shape  changes  have  been  attracting 
interest  as  potential  new  types  of  large  force  actuator  materials.  For  many  of  the 
most  important  needs,  the  inadequacy  of  the  present  solid  state  detectors  (i.e.,  the 
small  forces  produced)  is  probably  the  "Archilles  heel"  or  rate  determining  step 
in  the  evolution  of  "smart"  or  adaptive  systems.  Compared  to  conventional 
actuators,  however,  the  forces  produced  by  non-perovskite  transformations 
could  yield  large  forces  which  are  orders  of  magnitude  greater  than  those 
currently  available.  Furthermore,  martensitic  transformations  proceed  with  the 
speed  of  sound  and  the  low  symmetry  crystal  structure  changes  involved  offer 
the  possibility  of  crystallographic  reversibility,  or  "shape  memory"  behavior. 
While  cyclic  reversibility  may  not  always  be  available  under  ambient  conditions, 
there  may  still  be  a  place  for  "one  shot"  systems,  or  for  high  temperature 
actuation  up  to  2000°C  for  example.  Thus  with  a  knowledge  of  a  variety  of 
ceramic  martensitic  transformations,  the  required  forces  could  be  tailored  for  a 
given  application.  Since  the  current  state  of  knowledge  in  the  identification  and 
understanding  of  martensitic  transformations  in  ceramics  is  still  emerging  and 
limited,  this  is  the  charge  of  this  URI  program. 

In  the  area  of  structural  damage  control  where  the  brittleness  of  ceramics 
is  the  major  limitation,  transformation  toughening  by  the  tetragonal  to 


monoclinic  transformation  in  zirconia  has  been  established  as  a  viable  brittleness- 
reducing  mechanism.  Toughnesses  of  16  MPa  m1/2  can  be  achieved  in  yttria- 
stabilized  zirconia  (Y-ZTP)  materials  or  of  12  M  Pa  m1/2  in  zirconia-toughened 
alumina  (ZTA).  In  the  Al2C>3-Ce02  doped-Sr02-ZrC>2  microstructures  developed 
by  Ceramatec  Inc.,  toughness  values  of  20  MPa  m*/2  have  been  obtained  through 
a  combination  of  transformation  toughening  and  S1O2  platelet  bridging  across 
AI2O3  grains. 

However,  not  all  ceramics  are  chemically  unreactive  with  zirconia,  so  that 
other  potential  transformation  tougheners  exhibiting  positive  volume  changes 
have  been  identified  by  Kriven.  The  lanthanide  sesquioxides  exhibit  signs  of 
inducing  a  three-fold  increase  in  toughness  in  magnesia  at  1150°C  by 
transformation  toughening.  The  temperature  could  possibly  be  higher, 
depending  on  the  atomic  number  of  the  lanthanide. 

By  comparison,  SiC  fiber-reinforced  SiC  matrices  developed  in  France  can 
give  toughness  values  up  to  30  M  Pa  m1/2  in  vacuum.  While  these  are  impressive 
values  for  ceramics,  the  disadvantage  of  SiC  ceramics  is  the  lack  of  chemical 
stability  at  elevated  temperatures  in  an  oxidizing  atmosphere.  In  the  fiber  pullout 
mechanism  of  toughening  which  is  thought  to  be  the  most  powerful  to  date  in 
ceramics,  in  non-graphite  coated  fibers,  the  requisite  interfacial  weakening  relies 
on  thermal  expansion  mismatch  between  matrix  and  fiber.  If  such  exists  at  room 
temperature  it  is  unlikely  to  exist  at  high  temperatures  or  vice  versa. 

Stress-induced  martensitic  phase  transformations  are  much  less 
dependent  on  thermal  expansion  mismatch.  Furthermore,  in  a  two  phase 
composite  the  microstructure  tends  to  remain  stable  and  not  to  undergo 
pronounced  grain  growth  for  example. 

Thus  the  goal  of  high  temperature,  chemically  stable,  tough  ceramic 
composites  has  been  elusive  to  achieve  to  date.  An  interesting  concept  which 
could  lead  to  achieving  this  goal,  however,  is  to  use  martensitic  transformations 
at  strategic  places  such  as  fiber-matrix  interfaces  to  act  as  "transformation 
weakeners"  of  the  interface.  The  transformation  weakeners  may  need  to  have 
negative  volume  changes  or  large  angular  shape  changes.  The  crack-tip,  stress- 
induced  transformation  of  the  ceramic  coating  promotes  not  only  fiber  pullout 
mechanisms,  but  also  dissipates  crack  energy  as  well  as  causing  frictional  work 
to  be  done  in  climbing  up  the  fiber  interface.  Since  toughening  mechanisms  are 
multiplicative  rather  than  additive,  a  significant  high  temperature  toughening 
effect  may  be  achieved. 
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Section  2.  OUTLINE  OF  RESEARCH  PROGRESS 

During  this  program,  the  pace  of  research  has  been  steadily  increasing  as 
evidenced  by  the  quality  and  number  of  reprints  included  in  the  appendix  of  this 
report.  The  strategy  has  been  to  focus  on  a  few  ceramic  systems  and  to  study 
them  in  depth  from  different  complementary  aspects.  This  has  helped  to  bridge 
the  gap  across  sub  disciplines  and  hence  to  improve  communication  between  the 
PI  groups.  Several  subgroups  have  emerged  consisting  of  various  permutations 
and  combinations  of  researchers. 

A  particularly  successful  joint  venture  was  the  two-day  Workshop  held  on 
campus  on  April  2nd  and  3rd  in  1992.  The  lecture  schedule  and  abstracts  are 
presented  in  the  following  Section  of  this  report.  The  two  consultant 
theoreticians.  Professors  Armen  Khachaturyan  and  Phil  Clapp  participated,  as 
well  as  some  faculty  from  the  Physics  and  Materials  Science  and  Department. 
Notably  Professor  Ansell  Anderson,  past  Head  of  the  Physics  Department  and 
his  post  doctoral  research  associate  Dr.  Zhu  also  participated  in  the  Workshop, 
sharing  some  of  their  experimental  and  theoretical  work  on  phonon  interactions 
in  KNbC>3.  Professor  Armen  Khachaturyan  introduced  his  new  theory  of 
martensitic  nudeation  by  adaptive  phase  formation  which  shed  a  different  and 
valuable  perspective  on  this  phenomenon.  All  of  the  URI  members  alike  found 
the  Workshop  to  be  very  benefidal  and  an  opportunity  to  take  stock  of  the 
directions  and  results  of  research  progress  as  well  as  to  see  areas  of  overlap  and 
gaps. 

Since  the  Workshop,  a  KNbQj  subgroup  consisting  of  eight  regularly 
meeting  reseachers  was  formed  with  the  spedfic  aim  of  systematically  studying  or 
"combing  through"  the  five  phases  and  four  consecutive  transformations.  The  aim 
was  to  provide  at  least  one  well  documentated  example  of  the  nudeation 
mechanism  in  this  ceramic  in  the  context  of  its  crystallographic  and  microstructural 
mechanisms.  Complementary  expertises  of  neutron  diffraction,  elastic  constant 
measurements,  in  situ  transmission  and  hot  stage  optical  microscopy  studies,  as 
well  as  theoretical  martensitic  analyses  were  successfully  carried  out  in  parallel  by 
the  different  research  groups.  Indeed,  a  premonitory  effect  was  detected  before  the 
cubic  the  tetragonal  transformation  in  lead  titanate  both  by  neutron  diffraction, 
(Chen  group)  elastic  moduli  measurements  (Bass  group)  and  in  situ  hot  stage  TEM 
observations  (Kriven  group).  Theoretical  calculations  of  the  apparently  martensitic 


mechanism  to  correlate  with  experimental  observations,  are  still  outstanding,  but 
are  planned  b»  the  Kriven  group,  depending  on  the  availability  of  funding. 

Another  unusual  phase  transformation  has  been  examined,  in  which  an 
additional  experimental  variable  was  introduced,  viz.,  electric  field,  to  induce  a 
change  in  symmetry,  by  a  field-forced  transformation  between  antiferroelectric 
and  ferroelectric  states  in  Pb(Zr,Sn,Ti)0?.  The  order  parameters  were  now 
spontaneous  strain  e  and  spontaneous  polarization  P.  A  martensitic-type 
formalism  has  been  published  to  explain  the  critical  field  and  temperature 
dependencies  for  reversible  and  irreversible  transformations.  The  effects  of  grain 
size,  boundary  confinement  and  internal  stresses  have  also  been  considered  for 
fine  grain  polycrystalline  microstructures  where  experimental  variables  now 
include  temperature,  electric  field  and  hydrostatic  pressure.  Through  this 
approach  a  more  fundamental  understanding  of  phase  transformation  behavior 
in  ceramic  systems  has  started  to  evolve,  and  the  role  of  ceramic  microstructure 
on  mechanical  properties  was  under  investigation.  For  example,  we  have 
recently  demonstrated  a  shape  memory  effect  and  superelastic  behavior  in  PZST 
ceramics,  and  these  new  properties  should  find  use  in  electromechanical 
actuators,  adaptive  structures  and  other  smart  applications. 

While  the  exploratory  search  for  new  ceramic  transformations  was  still 
underway  by  the  Kriven  group,  the  systems  studied  included  the  perovskites 
KNbC>3  and  the  non-perovskites  Ca2SiC>4,  Sr2Si04  and  2Ln2Q3*Al2C>3  type  of 
compounds.  An  in-depth  understanding  of  the  complex  sequence  of  ferroelastic 
phase  transformations  in  the  Ca2SiC>4  system  has  been  obtained.  The  cubic  to 
tetragonal  transformation  in  PbTiC>3  has  been  quantitatively  shown  by  the 
Wayman  group  to  be  martensitic.  Detailed  summaries  of  the  research  progress  of 
each  group  are  presented  in  each  individual  section. 

As  an  indication  of  scientific  activity  and  interactions  it  should  be 
mentioned  that  Professors  Wayman,  Chen  and  Kriven  are  members  of  an  eight- 
person  committee  to  organize  the  next  International  Conference  on  Solid  to  Solid 
Phase  Transformations  to  be  held  in  1994  through  the  Carnegie  Mellon 
University.  This  series  of  conferences  are  held  only  every  seven  to  ten  years.  The 
conferences  have  been  sponsored  by  the  NSF  and  various  scientific  societies  such 
as  the  ASM.  Professor  Kriven  is  an  invited  overview  speaker  on  the  topic  of 
"Displadve  and  Martensitic  Transformations  in  Ceramics." 
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Department  of  Materials  Science  and  Engineering 
University  Research  Initiative  Program 
Workshop  on  Phase  Transformations  in  Ceramics 
2nd  and  3rd  April  1992 
Tower  Room,  4th  Floor  Beckman  Institute 

Thursday  April  2nd 


8.30  -  8.55am 
8.55  -  9.00 
Theoretical  Session 
9.00  -  9.50 


9.50-10.20 

10.20-10.30 
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Prof.  P  C.  Clapp 

Discussion 

Lunch  in  the  Beckman  Cafeteria 
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3.00  -  3.30 
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Antiferroelectric  -Ferroelectric  Phase  Transformations  in 
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"Premonitory  Phenomena  and  Transformation  Kinetics  from 
Cubic-Tetragonl  Phase  in  PbTi03,"N.  Takesue  and  H.  Chen  (20  +  10) 

"The  Elastic  Properties  of  Ceramics  by  Brillouin  Spectroscopy,"  J.  D.  Bass, 
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Adaptive  Phase  in  Martensitic  Transformation 

A.  G.  Khachaturyan 

Department  of  Mechanics  and  Materials  Science 
Rutgers  University 
EO.  Box  909 
Piscataway,  NJ  08855 

Abstract 

An  appearance  of  an  intermediate  martensite  phase  called  adaptive 
martensite  may  be  expected  if  the  surface  energy  of  a  boundary  between  two 
orientational  variants  of  the  normal  martensite  phase  is  very  low  and  the  typical 
lattice  mismatch-related  elastic  energy  is  high.  The  adaptive  martensite  is  formed  as 
an  elastically  constrained  phase  when  the  scale  of  structure  heterogeneities  induced 
by  the  crystal  strain  accommodation  is  reduced  to  the  microscopic  scale 
commensurate  with  the  twin  plane  interplanar  distance.  An  example  of  the  cubic 
-*  tetragonal  transformation  is  considered  where  the  adaptive  phase  has  a  pseudo- 
orthorhombic  lattice.  It  is  shown  that  the  (5,  2)  7R  martensite  in  p'  NiAl  alloys  and 
the  intermediate  phase  recently  found  just  above  the  temperature  of  the  fee  -*  f~t 
martensite  transformation  in  Fe-Pd  are  examples  of  the  adaptive  martensite.  A 
possible  role  of  the  adaptive  phase  in  the  thermal  nucleation  of  the  martensite  is 
discussed.  The  nucleation  of  the  normal  martensite  may  be  bypassed  by  nucleation 
of  the  adaptive  phase  which  transforms  to  the  normal  martensite  during  the 
growth. 


Computer  Simulation  of  Martensitic  Transformations*  + 

R  C.  Clapp 

Center  for  Materials  Simulation 
Institute  of  Materials  Science 
University  of  Connecticut 
Storrs,  CT  06269-3136 

Abstract 

Using  Molecular  Dynamics  simulations  and  Embedded  Atom  Method 
potentials,  coherent  martensitic  nucleation  of  the  tetragonal  Llo  phase  has  been 
seen  to  occur  at  special  heterogeneous  sites  of  the  ordered  bcc  B2  phase  of  NiAl  via 
thermal  activation  in  arrays  of  approximately  10,000  atoms.  The  fluctuation  strain 
path  and  critical  nucleation  configuration  have  been  identified,  along  with  the 
contributions  of  coupled  localized  phonon  modes  near  the  nucleation  site.  The 
localized  modes  involved  in  the  nucleation  process  are  found  to  be  much  softer, 
and  go  "critical"  much  sooner  than  the  bulk  phonon  modes.  The  dynamics  of  the 
atomistic  processes  will  be  illustrated  through  computer  movies. 


*  Supported  by  the  Division  of  Materials  Science,  DOB. 

+  Work  performed  in  collaboration  with  Y.  Shao  and  J.  A.  Rifkin. 


Thermal  Stability  of  Field-Forced  and  Field-Assisted 
Antiferroelectric-Ferroelectric  Phase  Transformations 

inPb(Zr,Sn,ri)C>3 

Pin  Yang  and  David  A.  Payne 
Department  of  Materials  Science  and  Engineering 
Materials  Research  Laboratory 
and  Beckman  Institute 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

Antiferroelectic  (AFE)-ferroelectric  (FE)  phase  transformations  in  tin 
modified  lead  zirconate  titanate,  i.e.,  Pb(Zr/Sn/Ti)03  or  PZST.  A  martensite-type 
approach  is  developed  to  explain  the  observed  thermal  hysteresis  and  field-induced 
transformation  behavior.  A  model  is  proposed  with  transformation  fields  were  the 
forward  (Ef)  and  reverse  (Ea)  field  strengths  are  related  to  the  transformation  barrier 
to  the  ferroelectric  state,  and  to  the  AFE  sublattice  coupling,  respectively.  The 
thermal  stability  of  the  AFE  sate  can  therefore  be  determined  with  respect  to  the 
field-induced  transformation  behavior.  A  distinction  is  made  between  field-forced 
and  field-assisted  transformations,  which  depend  on  temperature  and  thermal 
hysteresis,  and  which  are  related  to  reversible  and  irreversible  field-induced 
characteristics.  Data  are  reported  for  polarizations  and  strains,  and  discussed  with 
respect  to  the  proposed  thermodynamic  model  and  device  applications. 
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Cubic  to  Tetragonal  Transformation 
and  Ferroelectric  Domain  Structures  in  PbTi03 

C.  C.  Chou  and  C.  M.  Wayman 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

The  cubic  to  tetragonal  (C/T)  phase  transformation  in  PbTiC>3  single  als 
has  been  studied  in  both  the  forward  and  reverse  modes  and  found  to  snow 
martensitic  characteristics.  Microstructural  features  were  investigated  by  heating 
stage  optical  microscopy,  and  room  temperature  transmission  electron  microscopy. 
During  transformation,  a  small  hysteresis  is  involved.  The  phase  front  passes 
swiftly  through  the  crystal  and  surface  relief  accompanying  the  transformation  is 
seen.  It  is  found  that  the  habit  planes  vary  within  a  certain  range.  Not  only 
different  specimens  show  this  real  variation,  but  also  the  same  specimen  under 
different  transformations  follows  this,  indicating  the  importance  of  local 
arrangements  near  the  habit  plane  interfaces.  Theoretical  predictions,  with  only  a 
minute  change  of  lattice  parameters,  show  that  experimental  data  appear  to  fit 
calculated  results  fairly  well,  if  one  considers  interfacial  conditions.  The  results 
show  a  certain  degree  of  consistency,  which  implies  that  the  martensitic 
phenomenological  crystallographic  theory  applies.  Previous  work  on  perovskite 
materials  will  be  discussed. 

The  domain  structures  of  poly-domain  PbTiC>3  crystals  grown  by  flux  methods 
have  also  been  studied  using  optical  microscopy,  scanning  electron  microscopy  and 
transmission  electron  microscopy.  Results  of  domain  boundary  arrangements  in 
these  crystals  will  be  presented.  90°  and  180°  domain  boundaries  were  systematically 
analyzed  by  various  diffraction  conditions.  It  is  found  that  extreme  fringes  were 
observed  to  vary  differently  in  90°  and  180°  domain  boundaries,  indicating  a  basic 
difference  between  these  two  types  of  boundaries.  Although  it  was  reported  that  90° 

domain  boundaries  are  6-type  boundaries  in  BaTi03,  our  results  show  that  a 
displacement  plays  an  important  role  at  boundaries  in  PbTiOs  and  the  extreme 
fringe  contrast  behavior  of  90°  boundaries  becomes  mixed  type.  180°  domain 
boundaries  in  lead  titanate  crystals  show  intriguing  extreme  (outermost)  fringe 
contrast  behavior.  In  the  present  work,  an  analysis  based  upon  the  two  beam 
dynamical  theory  was  conducted  and  a  rule  similar  to  stacking-fault  contrast 
analysis  was  established  to  predict  the  geometric  configuration  of  a  180°  domain 
boundary  using  the  extreme  fringe  contrast  (EFC)  behaw  r.  Using  different 
diffraction  vectors,  the  EFC  of  180°  domain  boundaries  varies.  This  has  been 
exploited  to  determine  the  polarization  vector  arrangement  at  two  sides  of  the 
boundary,  and  therefore  the  entire  polarization  configuration  can  be  uniquely 
determined. 


Crystal  Growth  and  Phase  Transformations  of  PbTi03  Crystals 

B.  N.  Sun 

Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

Pure  lead  titanate  (PbT103)  crystals  of  centimeter  size  were  grown  from  high- 
temperature  solutions  by  RNT  (reduced  nucleation  technique)  using  PbO  as  a  self¬ 
flux.  The  theoretical  principles  leading  to  successful  growth  experiments  will  be 
discussed.  Phase  transformation  of  the  grown  crystals  was  studied  by  differential 
scanning  calorimetry.  X-ray  diffraction,  electrical  measurements  and  optical 
microscopy. 
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Electronic  Structure  of  BaT103  and  PbH03 

M.  E.  Holma  and  Haydn  Chen 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

Theoretical  band  structures  are  calculated  for  the  perovskite  compounds 
BaTiC>3  and  PbTi03  based  on  the  extended  Hueckel  tight-binding  (XHTB)  method. 
The  electronic  structure  and  total  electronic  energies  are  calculated  for  the  cubic  and 
tetragonal  structures;  the  total  density  of  states  and  partial  density  of  states  for 
individual  atomic  orbitals  are  presented.  The  total  electronic  energies,  obtained  by 
integrating  over  energy  states  of  all  electrons,  show  that  the  tetragonal  structure  is 
stable  as  compared  to  the  cubic  structure.  The  difference  in  electronic  total  energy 
between  the  two  structures  is  0.58  eV/unit  cell  for  BaTiC>3.  Excellent  agreement 
exists  between  the  calculated  total  density  of  states  and  experimental  data  of  the 
width  and  structure  of  the  valence  band.  The  partial  density  of  states  also  show 
good  agreement  with  experimental  data  related  to  the  valence  and  conduction 
bands.  Results  of  the  calculations  for  PbTiOs  will  be  discussed. 


Premonitory  Phenomena  and  Transformation 
Kinetics  from  Cubic-Tetragonal  Phase  in  PbTi03 


Naohisa  Takesue  and  Haydn  Chen 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

In-situ  diffuse  x-ray  scattering  techniques  have  been  employed  to  study  the 
pretransition  phenomenon  in  PbTiOs.  Continuous  monitoring  of  the  (002) 
reflection  was  made  as  a  function  of  temperature  during  heating  and  cooling  cycles. 
A  hysteresis  is  noted  for  the  apparent  cubic-to-tetragonal  transition  temperature  (Tc 
=  462°C  upon  cooling,  and  Tc  =  470°C  during  heating),  typical  of  a  first-order 
transformation.  It  was  observed  that  diffuse  intensity  adjacent  to  the  (002)  peak 

appears  above  Tc  because  of  the  heterophase  fluctuation  of  the  low-temperature 

\ 

tetragonal  phase.  The  kinetics  of  the  displacive  transition  just  below  Tc  during 
cooling  was  investigated.  Domain  redistribution  was  observed.  Other  information 
such  as  the  thermal  expansion  coefficient  and  the  volume  change  during  the 
transformation  will  also  be  studied. 
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The  Elastic  Properties  of  Ceramics  by  Brillouin  Spectroscopy 

J.  D.  Bass,  C.  S.  Zha,  and  A.  Kalinichev 
Department  of  Geology 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

We  have  undertaken  a  program  to  measure  the  single-crystal  elastic 
properties  of  ceramics  with  low  crystallographic  symmetry,  under  both  ambient 
conditions  and  at  high  pressures  and  temperatures.  Our  goals  are  to  determine  P 
and  T  derivatives  of  the  single  crystal  moduli,  cjj,  and  also  to  examine  the  behavior 
of  acoustic  phonons  in  the  neighborhood  of  displacive  transformations.  The 
experimental  technique  utilized  is  Brillouin  spectroscopy.  This  light  scattering 
technique  allows  the  velocities  of  high-frequency  phonons,  and  thus  qj's,  to  be 
measured  on  very  small  samples  of  arbitrarily  low  crystallographic  symmetry.  It  is 
amenable  to  high-pressure  measurements  using  diamond  anvil  high-pressure  cells, 
and  high  temperature  work  using  a  conventional  furnace. 

Thus  far  our  efforts  have  concentrated  on  the  monoclinic  form  of  Z1O2,  and 
orthorhombic  KNbC>3.  Results  on  the  elastic  properties  of  these  will  be  presented. 
We  have  also  obtained  sound  velocities  of  M-Z1O2  inside  a  diamond  anvil  cell.  The 
major  challenge  in  these  measurements  is  to  maintain  close  control  of  the 
crystallographic  orientation  of  the  sample,  because  these  ceramics  display,  in 
general,  strong  acoustic  anisotropy.  A  partial  set  of  elastic  moduli  for  zirconia  in  the 
diamond  cell  shows  that  these  experimental  difficulties  are  surmountable.  Our 
efforts  are  now  being  directed  at  the  high  pressure  moduli  of  zirconia,  and  the  high 
temperature  moduli  of  KNbOg. 
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Crystal  Growth  of  KNbC>3  By  an  Improved  Kyropoulos  Method 

R  D.  Han 

Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

Large  single  crystals  of  KNb03  were  grown  by  an  improved  Kyropoulos 
technique  from  a  self-fluxed  system.  Imperfections  of  as-grown  crystals  of  KNbOa, 
such  as  cracks,  twinning  and  colors  will  be  discussed  in  the  context  of  phase 
transformations  and  synthesis  conditions.  Two  distinct  types  of  cracks  were 
observed  in  as-grown  crystals  resulting  from  phase  transformations  during  cooling 
from  growth  temperature  to  room  temperature  (i.e.,  cubic  to  tetragonal  at  435°C  and 
tetragonal  to  orthorhombic  at  225°C).  Cracking  in  as-grown  crystals  was  reduced  by 
making  the  temperature  gradient  in  the  furnace  as  small  as  possible.  Twins  were 
able  to  be  removed  by  a  polarization  process  at  198°C  under  an  applied  electrical  field 
between  400  ~  600  V/ cm. 


Defect  Structures  in  KNbC>3 


Oludele  Popoola  and  W.  M.  Kriven 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

The  atomic  defects  generated  during  growth  of  (001)  KNbC>3  are  characterized 
by  transmissions  electron  microscopy.  Apart  from  the  single  domain  structure 
exhibited  by  this  crystal,  the  microstructure  consisted  of  various  defects  such  as  6 
boundaries,  stacking  faults  and  twins.  The  stacking  faults  were  readily  distinguished 
from  the  inversion  boundaries  by  the  presence  of  threading  dislocations. 
Theoretical  predictions  and  experimental  observations  will  be  correlated. 


Thermal  Transport  Properties  of  Some  Ferroelectric  Materials 
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Da-Ming  Zhu* 

Department  of  Physics 
University  of  Missouri  at  Kansas  City 
Kansas  City,  MO  64110 

Abstract 

We  have  conducted  studies  of  thermal  transport  properties  of  several 
ferroelectric  materials  over  a  wide  temperature  range,  aimed  at  understanding  the 
behavior  of  thermal  conductivity  of  the  materials  near  the  ferroelectric  to 
paraelectric  phase  transitions  and  phonon  interactions  with  ferroelectric  domain 
boundaries.  One  system  which  we  have  studied  is  RB2ZnCl4  which  undergoes 
successive  phase  transitions  from  normal  to  incommensurate  phase  and  finally  to 
commensurate  ferroelectric  phases  with  decreasing  temperature.  The  thermal 
conductivities  of  single  crystal  Rb^nCU  were  found  to  resemble  the  behavior  of 
typical  glassy  materials  at  temperature  above  about  30K.  At  temperature  below  0.5K, 
the  thermal  conductivity  show  characteristic  of  boundary  diffusive  scattering  of 
phonon  in  crystals.  The  other  system  which  we  have  studied  is  KNbC>3.  The 
thermal  conductivity  of  a  single  crystal  KNbC>3  sample  which  contains  a  large 
number  of  ferroelectric  domains  was  found  to  be  extraordinarily  small  at  low 
temperature  (nearly  an  order  of  magnitude  smaller  than  that  of  a  typical  insulating 
glass),  a  result  which  is  consistent  with  phonon  scattering  at  ferroelectric  domain 
boundaries.  The  experimental  data  will  be  compared  with  those  obtained  from  KDP 
and  other  ferroelectric  materials,  and  possible  connections  between  these  results  will 
be  discussed. 


*  In  collaboration  with  A.  C.  Anderson,  Department  of  Physics  ,University  of  Illinois  at  Urbana- 
Champaign. 
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Temperature-Dependent  Phonon  Dispersion 
and  Lattice  Dynamics  of  KNb03 

M.  Holma  and  Haydn  Chen 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

Inelastic  neutron  scattering  measurements  of  the  transverse  and  longitudinal 
phonon  branches  in  the  directions  [100]  and  [110]  are  reported  for  the  cubic 
perovskite  KNbC>3.  The  results  were  obtained  at  temperatures  of  878K,  798K,  and 
643K.  The  dispersion  curves  presented  show  evidence  of  extreme  overdamped 
scattering  in  the  transverse  acoustic  (TA)  mode  attributed  to  coupling  to  a  diffuse 
excitation.  The  broadening  of  the  TA  mode  is  both  temperature-dependent  and 
highly  anisotropic.  The  temperature  dependence  of  the  lowest  frequency  transverse 
optic  has  been  investigated.  The  experimental  results  were  used  to  obtain  the 
parameters  for  models  in  the  data  analysis.  Rigid  ion,  rigid  shell  and  deformable 
shell  models  were  applied  to  study  the  lattice  dynamics.  The  results  of  these 
models,  including  theoretical  dispersion  curves,  inelastic  structure  factors  and  force 
constants,  are  presented  and  compared  with  available  experimental  measurements. 


Phase  Transformations,  Oxygen  Mobility, 
and  Defect  Clustering  in  YBa2Cu306+x 


15 


J.  R.  LaGraff  and  D.  A.  Payne 
Department  of  Materials  Science  and  Engineering 
Materials  Research  Laboratory 
Science  and  Technology  Center  for  Superconductivity 
University  of  Illinois  at  Urbana-Champaign 
105  South  Goodwin  Avenue 
Urbana,  IL  61801 

Abstract 

This  study  reports  oxygen  diffusion  characteristics  and  electrical  transport 
properties  for  the  high-temperature  superconductor  YBCO  in  the  vicinity  of  the 
orthorhombic  to  tetragonal  phase  transformation.  Combined  in-sit u  electrical 
resistance  measurements  and  hot-stage  optical  microscopy  as  a  function  of 
temperature  (350-780°C)  and  oxygen  partial  pressure  (0.001-1  atm)  allowed  for  both 
oxygen  diffusion  behavior  and  phase  transformation  characteristics  to  be 
simultaneously  monitored.  The  comparison  of  single  crystal  and  polycrystalline 
data  has  enabled  the  distinction  to  be  made  between  bulk  diffusion  characteristics 
and  those  affected  by  surfaces  and  interfaces  (i.e.,  grain  boundaries).  Properties 
reported  for  intrinsic  oxygen  diffusion  behavior,  include,  subtle  changes  in  the 
oxygen  mobility  between  orthorhombic  and  tetragonal  structures;  concentration- 
dependent  chemical  diffusivity,  and  possible  interactions  of  oxygen  ordering  with 
mobility. 


Mechanisms  of  Ferroelastic  Phase  Transformations  in  Ca2Si04 

Y.  J.  Kim  and  W.  M.  Kriven 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Five  polymorphs  have  been  reported  for  the  pure  dicalcium  silicate 

(Ca2SiC>4) - a,  a'n,  o'l,  P  and  y.  From  structural  and  microstructural 

characterizations  of  polycrystalline  samples  of  pure  Ca2SiC>4,  Ba-stabilized  Ca2Si04 
and  Ca2Si04-dispersed  in  ceramic  matrices,  phase  transformation  mechanisms  of 
these  polymorphs  were  studied.  The  Sr2Si04  and  Ba2SiC>4  systems  were  compared 
with  the  Ca2SiC>4  system. 

Throughout  the  whole  transformation  sequence,  a  symmetry  element  of  2/m 
was  conserved.  The  a  -*  a'n  (Pmcn?)  transformation  generated  three  rotation- 
related  domains,  which  suggested  the  existence  of  a  6/m  symmetry  element  for  a, 
with  a  space  group  of  P63/mmc.  In  this  case,  the  a  -*•  a'n  transformation  was 
ferroelastic.  The  <x'l  -*  P(P2]/n)  transformation  also  generated  two  twinned 
domains,  (on  {100}  and  {001}),  and  could  also  be  ferroelastic. 

The  p  -*  y  (Pcmn)  transformation,  accompanied  by  a  large  volume  increase 
(-12%),  was  stress-induced.  This  transformation  can  be  displacive  in  the  sense  of  its 
instantaneous  reaction.  However,  it  is  required  to  overcome  comparatively  high 
energy  barriers  due  to  the  breaking  of  some  oxygen  bonds  in  the  structures.  The 
strains  built  into  p  by  the  previous  ferroelastic  transformations,  as  well  as  the  strong 
repulsive  forces  between  Si4+  and  Ca2+  ions  are  suggested  to  be  the  major  driving 
forces  for  the  p  -*  y  transformation. 

TEM  studies  revealed  various  modulated  structures  in  the  o'l  and  p  phases 
of  Ca2SiC>4  as  well  as  in  the  a 'and  p  phases  of  Sr2Si04.  Previous  studies  also  reported 
more  than  five  different  modulated  structures  in  the  Ca2Si04-Ba2SiC>4  system.  The 
stability  of  crystal  structures  in  the  A2SiC>4  type  system  (where  A  =  Ca,  Sr,  Ba)  was 
related  to  these  modulated  structures  in  conjunction  with  the  mechanisms  of  phase 
transformations. 


Phase  Transformations  in  the  Nickel  Sulfide  System 

Jemima  Cooper  and  W.  M.  Kriven 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

A  review  of  the  literature  indicates  that  monosulfide  NiS  forms  three  distinct 
phases;  hexagonal  a  -  Nij_xS  (0  <  x<  0.034),  rhombohedral  p  -  NilocS  (0  <  x  <  0.009) 
and  hexagonal  y  -  Ni^S  (0  <  x  <  0.06).  The  temperature  of  the  a  -*  p  transformation 
(282°  C  -  379°  C)  is  dependant  upon  composition.  The  transformation  is 
accompanied  by  a  volume  increase  of  ~3  vol.  %  (dependent  upon  composition).  The 
a  phase  may  be  metastably  retained  at  room  temperature  by  quenching.  Upon 
cooling,  retained  a  phase  undergoes  a  transition  to  y  NiS  at  —8°  C  (dependant  upon 
composition).  There  is  no  change  in  symmetry  upon  transformation  but  a  sudden 
volume  increase  is  observed,  leading  to  cracking  of  the  crystals.  It  is  possible  to 
repeatedly  cycle  through  the  a  -*  y  transition,  and  a  hysteresis  is  observed.  The  a  -  y 
NiS  transition  is  a  transition  from  a  paramagnetic  metal  to  an  antiferromagnetic 
semiconductor.  Substitution  of  Fe,  As,  Se  alters  the  transition  temperature. 
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Diffusionless  Transformation  in  NiS 

Ben  Kim 

Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Abstract 

At  room  temperature,  NiS  (Millerite)  has  a  rhombohedral  crystal  structure. 
Upon  heating  to  approximately  385°C,  it  transforms  into  a  new  phase,  which  has  a 
hexagonal  crystal  structure.  In  this  project,  the  transformation  characteristics  of  NiS 
were  studied  with  the  following  experiments:  hot-stage  optical  microscopy,  hot- 
stage  x-ray  diffraction,  dilatometry  measurements,  and  electrical  resistivity 
measurements.  The  hot-stage  x-ray  diffraction  patterns  confirmed  the  structural 
change  at  approximately  385°C.  This  change  of  crystal  structure  was  observed  as 
surface  relief  with  the  aid  of  hot-stage  optical  microscope.  Moreover,  the  surface 
relief  observed  with  the  hot-stage  optical  microscope  resembled  that  of  typical 
martensites  found  in  metals  and  ceramics.  Both  the  dilatometry  and  resistivity 
measurements  revealed  a  large  hysterisis,  spanning  a  temperature  range  of 
approximately  225°C.  Also,  from  the  dilatometry  measurements,  the  volume 
change  associated  with  the  transformation  was  calculated  to  be  approximately  4.6%. 
Through  the  resistivity  measurements  and  hot-stage  optical  microscopy,  it  was  seen 
that  the  transformation  was  a  function  of  temperature  rather  than  time. 
Furthermore,  the  hot-stage  x-ray  diffraction  results  illustrated  indirectly  that  there 
was  no  compositional  change  during  the  transformation.  All  experiments 
performed  to  date  on  NiS  strongly  indicate  a  diffusionless  transformation  in  NiS. 
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Mechanisms  of  Ferroelastic  Phase  Transformations  in  Ca2Si04 

Y.  J.  Kim  and  W.  M.  Kriven 
Department  of  Materials  Science  and  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL  61801 

Five  polymorphs  have  been  reported  for  the  pure  dicalcium  silicate 

(Ca2SiC>4) - a,  cx'h/  o'l,  0  and  y.  From  structural  and  microstructural 

characterizations  of  polycrystalline  samples  of  pure  0328104,  Ba-stabilized  Ca2Si04 
and  Ca2S  04-dispersed  in  ceramic  matrices,  phase  transformation  mechanisms  of 
these  polymorphs  were  studied.  The  Sr2Si04  and  Ba2Si04  systems  were  compared 
with  the  Ca2Si04  system. 

Throughout  the  whole  transformation  sequence,  a  symmetry  element  of  2/m 
was  conserved.  The  a  -*  a'n  (Pmcn?)  transformation  generated  three  rotation- 
related  domains,  which  suggested  the  existence  of  a  6/m  symmetry  element  for  a, 
with  a  space  group  of  P63/mmc.  In  this  case,  the  a  -*•  a'n  transformation  was 
ferroelastic.  The  cx'l  -*  0(P2i/n)  transformation  also  generated  two  twinned 
domains,  (on  {100}  and  {001}),  and  could  also  be  ferroelastic. 

The  0  -*  y  (Pcmn)  transformation,  accompanied  by  a  large  volume  increase 
(-12%),  was  stress-induced.  This  transformation  can  be  displacive  in  the  sense  of  its 
instantaneous  reaction.  However,  it  is  required  to  overcome  comparatively  high 
energy  barriers  due  to  the  breaking  of  some  oxygen  bonds  in  the  structures.  The 
strains  built  into  0  by  the  previous  ferroelastic  transformations,  as  well  as  the  strong 
repulsive  forces  between  Si4+  and  Ca2+  ions  are  suggested  to  be  the  major  driving 
forces  for  the  0  -*•  y  transformation. 

TEM  studies  revealed  various  modulated  structures  in  the  cc'l  and  0  phases 
of  Ca2SiC>4  as  well  as  in  the  a 'and  0  phases  of  Sr2Si04.  Previous  studies  also  reported 
more  than  five  different  modulated  structures  in  the  Ca2Si04-Ba2Si04  system.  The 
stability  of  crystal  structures  in  the  A2SiC>4  type  system  (where  A  =  Ca,  Sr,  Ba)  was 
related  to  these  modulated  structures  in  conjunction  with  the  mechanisms  of  phase 
transformations. 
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Five  polymorphs  have  been  reported  for  the  pure  dicalcium  silicate 

(Ca2SiC>4) - a,  a'n/  §  and  y.  From  structural  and  microstructural 

characterizations  of  polycrystalline  samples  of  pure  Ca2Si04,  Ba-stabilized  Ca2SiC>4 
and  Ca2Si04-dispersed  in  ceramic  matrices,  phase  transformation  mechanisms  of 
these  polymorphs  were  studied.  The  Sr2Si04  and  Ba2SiC>4  systems  were  compared 
with  the  Ca2SiC>4  system. 

Throughout  the  whole  transformation  sequence,  a  symmetry  element  of  2/m 
was  conserved.  The  a  -*  a'n  (Pmcn?)  transformation  generated  three  rotation- 
related  domains,  which  suggested  the  existence  of  a  6/m  symmetry  element  for  a, 
with  a  space  group  of  P63/mmc.  In  this  case,  the  a  -*  a'n  transformation  was 
ferroelastic.  The  <x'l  -*  0(P2i/n)  transformation  also  generated  two  twinned 
domains,  (on  {100}  and  {001}),  and  could  also  be  ferroelastic. 

The  0  -*■  y  (Pcmn)  transformation,  accompanied  by  a  large  volume  increase 
(-12%),  was  stress-induced.  This  transformation  can  be  displacive  in  the  sense  of  its 
instantaneous  reaction.  However,  it  is  required  to  overcome  comparatively  high 
energy  barriers  due  to  the  breaking  of  some  oxygen  bonds  in  the  structures.  The 
strains  built  into  0  by  the  previous  ferroelastic  transformations,  as  well  as  the  strong 
repulsive  forces  between  Si4+  and  Ca2+  ions  are  suggested  to  be  the  major  driving 
forces  for  the  0  -*  y  transformation. 

TEM  studies  revealed  various  modulated  structures  in  the  cx'l  and  0  phases 
of  Ca2Si04  as  well  as  in  the  a 'and  0  phases  of  Sr2Si04.  Previous  studies  also  reported 
more  than  five  different  modulated  structures  in  the  Ca2Si04-Ba2Si04  system.  The 
stability  of  crystal  structures  in  the  A2Si04  type  system  (where  A  =  Ca,  Sr,  Ba)  was 
related  to  these  modulated  structures  in  conjunction  with  the  mechanisms  of  phase 
transformations. 
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University  of  Illinois  at  Urbana-Champaign 
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Five  polymorphs  have  been  reported  for  the  pure  dicalcium  silicate 

(Ca2SiC>4) - a,  a'H/  o'l/  0  and  y.  From  structural  and  microstructural 

characterizations  of  polycrystalline  samples  of  pure  Ca2SiC>4,  Ba-stabilized  Ca2SiC>4 
and  Ca2SiC>4-dispersed  in  ceramic  matrices,  phase  transformation  mechanisms  of 
these  polymorphs  were  studied.  The  Sr2Si04  and  Ba2Si04  systems  were  compared 
with  the  Ca2SiC>4  system. 

Throughout  the  whole  transformation  sequence,  a  symmetry  element  of  2/m 
was  conserved.  The  a  -*  o'h  (Pmcn?)  transformation  generated  three  rotation- 
related  domains,  which  suggested  the  existence  of  a  6/m  symmetry  element  for  a, 
with  a  space  group  of  P63/mmc.  In  this  case,  the  a  -*■  a'n  transformation  was 
ferroelastic.  The  <x'l  -*  0(P2i/n)  transformation  also  generated  two  twinned 
domains,  (on  {100}  and  {001}),  and  could  also  be  ferroelastic. 

The  0  -*  y  (Pcmn)  transformation,  accompanied  by  a  large  volume  increase 
(~12%),  was  stress-induced.  This  transformation  can  be  displacive  in  the  sense  of  its 
instantaneous  reaction.  However,  it  is  required  to  overcome  comparatively  high 
energy  barriers  due  to  the  breaking  of  some  oxygen  bonds  in  the  structures.  The 
strains  built  into  0  by  the  previous  ferroelastic  transformations,  as  well  as  the  strong 
repulsive  forces  between  Si4+  and  Ca2+  ions  are  suggested  to  be  the  major  driving 
forces  for  the  0  -*  y  transformation. 

TEM  studies  revealed  various  modulated  structures  in  the  a\  and  0  phases 
of  Ca2Si04  as  well  as  in  the  a 'and  0  phases  of  Sr2SiC>4.  Previous  studies  also  reported 
more  than  five  different  modulated  structures  in  the  Ca2Si04-Ba2SiC>4  system.  The 
stability  of  crystal  structures  in  the  A2SiC>4  type  system  (where  A  =  Ca,  Sr,  Ba)  was 
related  to  these  modulated  structures  in  conjunction  with  the  mechanisms  of  phase 
transformations. 
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Five  polymorphs  have  been  reported  for  the  pure  dicalcium  silicate 

(Ca2SiC>4) - a,  a'H/  cc'l,  p  and  y.  From  structural  and  microstructural 

characterizations  of  polycrystalline  samples  of  pure  €828104,  Ba-stabilized  Ca2Si04 
and  Ca2Si04-dispersed  in  ceramic  matrices,  phase  transformation  mechanisms  of 
these  polymorphs  were  studied.  The  Sr2Si04  and  Ba2Si04  systems  were  compared 
with  the  Ca2Si04  system. 

Throughout  the  whole  transformation  sequence,  a  symmetry  element  of  2/m 
was  conserved.  The  a  -*  a'n  (Pmcn?)  transformation  generated  three  rotation- 
related  domains,  which  suggested  the  existence  of  a  6/m  symmetry  element  for  a, 
with  a  space  group  of  P63/mmc.  In  this  case,  the  a  -*•  a’n  transformation  was 
ferroelastic.  The  <x'l  -*  P(P2i/n)  transformation  also  generated  two  twinned 
domains,  (on  {100}  and  {001}),  and  could  also  be  ferroelastic. 

The  p  -*•  y  (Pcmn)  transformation,  accompanied  by  a  large  volume  increase 
(~12%),  was  stress-induced.  This  transformation  can  be  displacive  in  the  sense  of  its 
instantaneous  reaction.  However,  it  is  required  to  overcome  comparatively  high 
energy  barriers  due  to  the  breaking  of  some  oxygen  bonds  in  the  structures.  The 
strains  built  into  p  by  the  previous  ferroelastic  transformations,  as  well  as  the  strong 
repulsive  forces  between  Si4+  and  Ca2+  ions  are  suggested  to  be  the  major  driving 
forces  for  the  p  -*  y  transformation. 

TEM  studies  revealed  various  modulated  structures  in  the  ci'l  and  p  phases 
of  Ca2SiC>4  as  well  as  in  the  a 'and  p  phases  of  Sr2SiC>4.  Previous  studies  also  reported 
more  than  five  different  modulated  structures  in  the  Ca2Si04-Ba2Si04  system.  The 
stability  of  crystal  structures  in  the  A2Si04  type  system  (where  A  =  Ca,  Sr,  Ba)  was 
related  to  these  modulated  structures  in  conjunction  with  the  mechanisms  of  phase 
transformations. 


Mechanisms  of  Ferroelastic  Phase  Transformations  in  Ca2SiC>4 
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Five  polymorphs  have  been  reported  for  the  pure  dicalcium  silicate 

(Ca2Si04) - a,  a'n,  <x'l,  P  and  y.  From  structural  and  microstructural 

characterizations  of  polycrystalline  samples  of  pure  v^SiO^  Ba-stabilized  Ca2Si04 
and  Ca2Si04-dispersed  in  ceramic  matrices,  phase  transformation  mechanisms  of 
these  polymorphs  were  studied.  The  Sr2Si04  and  Ba2Si04  systems  were  compared 
with  the  Ca2SiC>4  system. 

Throughout  the  whole  transformation  sequence,  a  symmetry  element  of  2/m 
was  conserved.  The  a  -*  a'n  (Pmcn?)  transformation  generated  three  rotation- 
related  domains,  which  suggested  the  existence  of  a  6/m  symmetry  element  for  a, 
with  a  space  group  of  P63/mmc.  In  this  case,  the  a  -*>  a'n  transformation  was 
ferroelastic.  The  cx'l  -*  P(P2i/n)  transformation  also  generated  two  twinned 
domains,  (on  {100}  and  {001}),  and  could  also  be  ferroelastic. 

The  p  -*  y  (Pcmn)  transformation,  accompanied  by  a  large  volume  increase 
(-12%),  was  stress-induced.  This  transformation  can  be  displacive  in  the  sense  of  its 
instantaneous  reaction.  However,  it  is  required  to  overcome  comparatively  high 
energy  barriers  due  to  the  breaking  of  some  oxygen  bonds  in  the  structures.  The 
strains  built  into  p  by  the  previous  ferroelastic  transformations,  as  well  as  the  strong 
repulsive  forces  between  Si4+  and  Ca2+  ions  are  suggested  to  be  the  major  driving 
forces  for  the  p  -*■  y  transformation. 

TEM  studies  revealed  various  modulated  structures  in  the  a\  and  p  phases 
of  Ca2Si04  as  well  as  in  the  a 'and  p  phases  of  Sr2Si04.  Previous  studies  also  reported 
more  than  five  different  modulated  structures  in  the  Ca2Si04-Ba2SiC>4  system.  The 
stability  of  crystal  structures  in  the  A2SiC>4  type  system  (where  A  =  Ca,  Sr,  Ba)  was 
related  to  these  modulated  structures  in  conjunction  with  the  mechanisms  of  phase 
transformations. 
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Final  Report  to  the  AFOSR 

Elastic  Properties  of  Ceramics  Under  Extreme  Conditions 

Jay  D.  Bass 


A.  Work  Statement  and  Objectives 

The  basic  objectives  of  this  research  effort  were  threefold:  First,  to  obtain 
high-quality  measurements  of  the  single-crystal  stiffness  constants  (elastic  moduli, 
c,y  )  of  ceramic  materials  which  undergo  displacive  transformations;  Second,  to 
develop  the  methods  and  equipment  needed  to  carry  out  elasticity  measurements  at 
high  pressures  and  at  high  temperatures,  and  to  characterize  the  elasticity  of 
ceramics  at  high  P  and  T  ,  especially  in  the  vicinity  of  phase  transitions.  Such 
measurements  of  material  properties  are  needed  for  theories  of  the  nucleation  of 
phase  transitions  in  ceramics  to  be  evaluated  and  tested.  In  particular,  a  common 
hypothesis  for  the  mechanism  of  displacive  phase  transformations  is  the  'soft 
mode’  concept,  in  which  a  phonon  mode  softens,  or  tends  to  zero  frequency,  as  a 
precursor  to  nucleation  of  the  product  phase.  For  phase  transitions  which  are 
triggered  by  stress,  such  as  the  tetragonal  to  monoclinic  transition  in  Z1O2,  a  soft 
mode  would  likely  be  apparent  in  the  elastic  moduli.  In  order  to  test  the  soft  mode 
theory  of  nucleation,  and  to  understand  the  role  of  stress  in  triggering  phase 
transformations,  we  have  initiated  a  research  program  to  measure  the  elastic 
moduli  of  microscopic-sized  ceramic  single  crystals  at  high  pressure  and 
temperature  using  the  light  scattering  technique  of  Brillouin  spectroscopy.  An 
accurate  and  complete  characterization  of  the  single  crystal  moduli  has  never  been 
reported  on  low  symmetry  samples  such  as  many  ceramics  of  technological 
importance.  Our  objectives  included  development  of  hardware  and  calculational 
procedures  necessary  to  carry  out  such  experiments,  and  measurements  of  the  elastic 
properties  of  Z1O2,  KNbC>3,  and  PbTiOj,  all  of  which  undergo  displacive 
transformations  and  are  being  studied  in  detail  by  various  members  of  the  URI 
team. 

B.  Status  of  Research  Effort. 

Crystalline  Ceramics 

The  thrust  of  this  research  has  been  to  investigate  the  elastic  properties  of 
ceramics  that  undergo  displacive  phase  transitions  as  a  means  toward 
understanding  nucleation  mechanisms,  as  well  as  changes  in  physical,  electronic, 
and  optical  properties.  Our  efforts  have  concentrated  on  the  monoclinic  form  of 
zirconia  M-Z1O2,  tetragonal  PbTiC>3,  and  orthorhombic  KNbC>3.  For  M-Z1O2  we 
have  thus  far  measured  the  single-crystal  elastic  moduli  under  ambient  conditions, 
and  obtained  a  partial  set  of  elastic  moduli  in  a  diamond  anvil  cell  as  a  first  test  of 
our  high  pressure  capability  (Figures  1  and  2).  To  date,  only  one  experimental  study 
of  the  c,y  of  M-Z1O2  has  been  reported,  and  for  many  moduli  the  results  of  that 
study  were  in  poor  agreement  with  those  of  theoretical  calculations.  A  conspicuous 
discrepancy  was  found  not  only  in  the  magnitude,  but  in  the  sign  of  some  shear 
moduli  (Table  1).  The  results  of  our  measurements  are  in  very  good  agreement 
with  the  theoretical  study,  and  there  are  no  discrepancies  in  sign  for  any  of  the 
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Figure  1:  Elastic  moduli  of  M-ZrCh  as  a  function  of  crystallographic  direction  in  the 
a-c  crystallographic  plane,  as  measured  in  this  study  by  Brillouin  scattering  measurements. 
Moduli  increase  radially  outward  with  distance  from  the  center.  The  elastic  anisotropy  of 
the  crystal  is  apparent  in  this  projection.  Both  the  longitudinal  and  two  shear  modes  are 
shown. 


Figure  2:  Elastic  moduli  of  M-ZrC>2  as  a  function  of  crystallographic  direction  in  the 
a-b  crystallographic  plane,  measured  in  a  diamond-anvil  pressure  cell  (DAC).  There  is  no  # 

pressure  on  the  sample.  This  figure  shows  that  an  internally  consistent  set  of  measurements 
is  obtained,  in  agreement  with  measurements  outside  of  the  DAC. 
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Single  Crystal  Elastic  Moduli  of  Monoclinic  ZrC>2 


Modulus 

(GPa) 

Measured 

Calculated 

This  Study® 

Nevitt  et  al. 
(1988) 

Cohen  et  al. 
(1988) 

Cn 

350.5±2.3 

358  ±45 

349 

C22 

385.6±4.2 

426  ±11 

398 

C33 

245.3±2.5 

240  ±28 

268 

C44 

101.0d=4.8 

99  ±  2 

147 

C55 

80.0±1.1 

79  ±10 

131 

^66 

123.1±1.8 

130  ±  2 

180 

C12 

176.7±3.9 

144  ±29 

207 

C13 

74.9d=3.1 

67  ±64 

125 

C23 

163.1±5.0 

127  ±25 

153 

C15 

30.5±1.7 

-26  ±  5 

64 

^25 

-5.7±3.9 

38  ±  8 

-27 

C35 

9.7±1.5 

-23  ±  4 

57 

C46 

-20.0±2.8 

-39  ±10 

-26 

a  Based  upon  lu2  velocity  measurements  in  37  directions. 

RMS  error  =  83  m/s. 

b  Based  upon  50  velocity  measurements  in  13  directions. 


moduli.  This  indicates  that  the  interatomic  potentials  used  in  the  calculations  are 
fairly  realistic. 

We  have  examined  the  optical  absorption  spectum  of  PbTiOj  as  a  function  of 
pressure  up  to  30  GPa.  Because  the  absorption  spectrum  is  sensitive  to  the  energy  of 
electronic  transitions  in  a  material,  these  measurements  help  place  constraints  on, 
and  are  a  natural  compliment  to,  the  theoretical  band  structure  calculations  of 
Hayden  Chen’s  group.  The  transition  from  a  ferroelectric  to  paraelectric  phase, 
identified  previously  at  12.1  GPa  on  the  basis  of  the  Raman  spectra,  is  evident  in  the 
absorption  spectrum  as  well.  Our  experiments  indicate  that  the  tetragonal-cubic 
transition  is  second  order.  Because  the  transition  seems  to  be  first  order  at  one 
atmosphere  and  high  temperatures,  we  expect  the  existence  of  a  tricritical  point  at  an 
intermediate  P  and  T.  This  range  of  conditions  is  accessible  with  an  externally 
heated  diamond  anvil  cell,  and  experiments  to  determine  the  location  of  this 
tricritical  point  will  be  pursued. 

KNbC>3  undergoes  a  series  of  displacive  phase  transformations  to  successively 
higher  symmetry.  As  a  compliment  to  the  investigation  of  precursory  phenomena 
near  the  transition  temperatures  by  neutron  diffraction  (Hayden  Chen),  we  are 
characterizing  the  elastic  moduli  of  KNbC>3.  A  paper  describing  the  results  of  our 
ambient  condition  experiments  has  been  published  in  Journal  of  Applied  Physics  . 
These  results  represent  the  first  report  of  the  complete  set  of  elastic  moduli  on 
KNbC>3.  Because  Brillouin  scattering  is  a  higher  frequency  experiment  than  is 
neutron  diffraction,  a  combination  of  our  data  with  that  of  Hayden  Chen  will  give  a 
very  complete  description  of  the  dispersion  curves  for  acoustic  phonons  in  KNb03, 
thus  providing  a  wealth  of  information  on  the  nature  of  the  phase  transitions.  The 
high-temperature  measurements  needed  to  understand  the  phase  transitions  are  in 
progress. 

We  have  also  completed  a  study  of  the  STP  elastic  properties  of  PbTiC>3,  one  of 
the  most  thoroughly  studied  polar  ceramics.  Due  to  the  difficulty  of  obtaining 
suitable  samples  for  single-crystal  studies,  the  elastic,  piezoelectric,  and  dielectric 
properties  have  been  poorly  characterized  thus  far,  and  the  results  reported  in  the 
literature  to  date  are  quite  contradictory. 

Our  data  on  the  acoustic  velocities  in  PbTiC>3  are  shown  in  Fig.  3  along  with  a 
theoretical  fit  to  the  measurements.  The  elastic,  piezoelectric,  and  dielectric 
constants  obtained  from  this  theoretical  fit  are  given  in  Table  2,  along  with  literature 
data  for  'single  crystal’  and  ceramic  samples  for  comparison.  Our  data  differ  from 
previous  results  by  as  much  as  50%  to  300%  for  some  moduli.  Older  results  are 
plagued  by  problems  due  to  sample  porosity,  twinning,  and  impurities.  The  present 
Brillouin  data  yield  a  very  high  degree  of  internal  consistency  and  are,  we  believe, 
the  most  accurate  results  to  date. 
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Fig.  3.  Sound  velocities  in  the  b-c  crystallographic  plane.  Best  fit  using  the  reported 
set  of  the  elastic  and  piezoelectric  constants.  Symbols  —  experimental  data,  full 
line  —  compressional  wave;  dashed  and  dotted  lines  —  shear  waves  polarized  nearly 
prependicular  and  parallel  to  the  plane,  respectively. 


T&ble  2.  Elastic,  piezoelectric,  and  dielectric  constants  of  PbTiOs  at  room  temperature. 
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Literature 

Elastic  stiffness  constants  (GPa) 

% 

CVl 

ct 

241 

160* 

68 

1524 

70 

634 

U12 

r<B 

^13 

96 

112 

42* 

52 

464 

Elastic  compliance  constants  (10* 

-3/GPa) 

§ 

$ 

it 

•*12 

els 

°13 

0.585 

0.72*  0.75* 

1.889 

3.25*  0.80* 

1.425 

1.22*  1.79* 

1.043 

0.79*  1.80* 

-0.228 

-0.216  -0.15* 

-0.272 

-0.11* 

Piezoelectric  strain  constants  (10“ 

11  C/N) 

dis 

1.74 

0.65*  5.3* 

d*i 

-2.6 

-0.25*  -0.44* 

d3  3 

-3.0 

1.2*  5.1* 

Piezoelectric  stress  constants  (C/m2) 

Cl5 

1.22 

3.55*  0.50* 

«31 

-10.9 

1.32“  6.50* 

e3s 

-4.74 

6.80“  3.00* 

Dielectric  constants 

y 

C33 

102e 

130*  210*  230° 

93* 

120*  126*  170“ 

es 

ell 

100 

100*  115*  210“ 

,s 

C33 

13* 

35*  51*  140a 

4  Ceramics,  2.5mol%La20$,  1.0mol%MnO2,  Ref.l. 

6  Single  crystal,  Ref.2. 

c  Ceramics,  1.25mol%La203, 1.0mol%MnO2,  Ref.3. 

*  Single  crystal  high  frequency  measurements,  Ref.4. 
e  Calculated  using  our  Brillouin  data. 
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Facilities  Development:  High  Pressure-Temperature  Facilities 

We  have  constructed  several  types  of  equipment  needed  to  carry  out  our 
research  objectives.  A  diamond  anvil  high  pressure  cell  for  Brillouin  spectroscopic 
measurements  was  specially  designed  and  built  at  the  University  of  Illinois  to 
measure  the  pressure  derivatives  of  elastic  moduli.  In  order  to  characterize  the 
pressure  exerted  on  a  sample  we  use  the  pressure  dependence  of  the  fluorescence 
spectrum  of  ruby  (Cr  doped  AI2O3),  and  a  spectrometer  integrated  with  an  optical 
microscope  was  built  to  measure  fluorescence  spectra.  This  same  spectrometer  can 
be  used  to  measure  the  visible  absorption  spectrum  of  samples  under  pressure,  and 
this  has  proved  a  convenient  method  for  identifying  the  onset  of  high  pressure 
phase  transitions.  Ancillary  equipment  that  has  been  developed  and  built  in-house 
includes  a  diamond  faceting  instrument  for  grinding  faces  that  are  exactly  parallel 
on  the  diamond  anvils,  as  well  as  for  repair  of  anvils,  and  a  microdrilling  machine 
for  making  microscopic  holes  (as  small  as  50  nm)  in  the  steel  gaskets  used  between 
the  diamond  anvils. 

Preliminary  Investigations  on  Simple  Systems 

Our  program  into  high  pressure  and  temperature  brillouin  spectroscopy 
represents  a  novel  research  direction  with  equipment  designed  and  built  in-house, 
and  many  experimental  techniques  needed  to  be  developed  by  our  group.  As 
mentioned  above  we  have  completed  a  study  of  the  high  pressure  optical  properties 
of  PbTiQ3  and  initiated  a  study  of  the  moduli  of  zirconia  at  high  pressure.  However, 
it  is  necessary  to  perform  a  series  of  initial  experiments  on  simple  systems  so  that  we 
can  compare  our  results  with  independent  studies  of  other  properties. 

We  have  undertaken  a  study  of  a  high  pressure  phase  transition  in  potassium 
bromide,  KBr.  This  material  is  an  ideal  candidate  for  initial  high  pressure  work 
because  it  is  known  to  undergo  a  major  structural  phase  transition  at  about  1.8  GPa, 
and  it  is  also  a  simple  ionic  solid  which  is  amenable  to  theoretical  modeling  of 
physical  properties.  We  have  been  successful  in  measuring  the  sound  velocities  in 
KBr  up  to  about  10  GPa,  well  above  the  phase  transition.  These  experiments  were 
performed  on  a  polycrystalline  sample  compressed  in  the  diamond  anvil  cell.  We 
have  found,  as  expected,  a  pronounced  increase  in  the  elastic  properties  at  the 
transition  to  the  high  pressure  B2  phase  at  1.8  GPa  (Figure  3).  This  study  is 
important  for  demonstrating  the  accuracy  of  our  pressure  measuring  apparatus,  the 
suitability  of  Brillouin  scattering  for  measuring  elastic  moduli  at  high  pressures  in  a 
diamond  cell,  and  the  feasibility  of  working  with  polycrystalline  samples  at  high- 
pressure  conditions. 


As  a  first  material  to  be  investigated  at  high  temperatures,  we  chose  a  series  of 
silicate  glasses.  The  reason  for  choosing  glasses  as  the  first  high  temperature 
•  samples  is  that  they  are  elastically  isotropic.  Therefore,  it  is  not  necessary  to  carry 

out  the  involved  crystallographic  orientation  work  required  of  crystalline  samples. 
In  addition  to  being  of  great  interest  to  ceramists,  these  experiments  allow  us  to 
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assess  our  ability  to  make  high  temperature  measurements.  We  have  obtained  data 
on  sodium  and  potassium  silicate  glasses  and  melts  to  temperatures  of  1200°C. 
Melting  of  the  samples  was  apparent  from  disappearance  of  the  shear  mode,  and  an 
analysis  of  the  Brillouin  lineshape  has  yielded  information  on  the  viscosity  and 
atomic  structure  of  the  melt.  On  the  basis  of  our  experience  with  glasses  and  melts 
we  have  redesigned  our  high  temperature  furnace  for  operation  to  1600°C  under  a 
controlled  atmosphere  and  with  crystalline  samples.  In  addition,  the  computer 
programs  developed  to  analyse  the  melt  data  will  be  used  to  investigate  ultrasonic 
attenuation  in  the  neighborhood  of  phase  transitions  in  crystalline  ceramics.  The 
experiments  on  an  elastically  simple  system  such  as  melts  was  a  necessary  and 
natural  part  of  developing  the  capability  to  do  high  temperature  experimentation 
and  fulfill  the  major  objectives  of  this  program. 

Summary  of  Research  Effort 

In  conclusion,  we  have  thus  far  carried  out  research  in  the  following  areas: 

Design  and  construction  of  equipment  for  high  pressure  elasticity  using 
diamond  anvil  cells,  and  for  high  temperature  work. 

Elastic  properties  of  single  crystal  Z1O2,  KNbO;},  and  PbTiC>3  under  ambient 

conditions  and  at  high  pressures. 

Optical  absorption  and  phase  transitions  of  PbTiC>3  at  high  pressures. 

Elasticity  and  structure  of  silicate  glasses  and  melts. 
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AFOSR  URI  FINAL  REPORT 
(Haydn  Chen) 


(a)  Objectives: 

The  overall  objective  of  this  work  is  to  achieve  a  fundamental 
understanding  of  the  transformation  mechanism(s)  governing  and  the 
crystallography  associated  with  the  displadve  transformations  in  ceramic 
systems  with  special  emphasis  placed  upon  the  perovskite  group  (e.g.  PbTiOj 
and  KNbC>3).  Some  specific  themes  are: 

(1)  Pre- transitional  phenomena  associate  with  the  paraelectric-to-ferroelectric 
transitions, 

(2)  Phonon  properties  associated  with  the  transformations,  and 

(3)  Nucleation  mechanism  and  defect-induced  transformation. 


(b)  Significant  Accomplishments: 

Our  research  strategy  has  been  divided  into  three  parts:  (1)  theoretical 
investigation  of  electronic  structure  and  phonon  dispersion  relationship,  (2) 
inelastic  neutron  scattering  measurements,  and  (3)  diffuse  x-ray  scattering 
measurements.  A  substantive  description  of  significant  achievements  and 
progress  towards  achieving  the  research  objective  is  given  below. 

Electronic  Structure  Calculations 

The  total  density  of  states  (DOS)  and  the  electronic  total  energy  were 
calculated  for  PbTi03  and  BaTiOa  hi  both  the  cubic  and  tetragonal  phases  of 
these  materials  using  the  extended  Hiickel  tight-binding  method  [1].  The  change 
in  electronic  total  energy  was  used  as  an  estimate  of  the  phase  stability  of  the 
tetragonal  structure  as  compared  with  the  cubic  structure.  The  DOS  were 
compared  with  experimental  results.  BaTi03  is  a  well  studied  system  whereas 
considerably  less  information  is  known  for  PbTi03.  The  former  system  was 
therefore  used  as  a  standard  to  verify  the  method  employed  for  the  electronic 
energy  calculation. 

The  calculated  band  structure  for  BaTi03  (Fig.  1)  shows  the  characteristic 
features  of  titanate  perovskites.  The  total  valence  band  consists  of  widely  spaced 
sub-bands  that  are  due  to  (in  order  of  increasing  energy)  Ti  3p,  O  2s,  Ba  5p,  and 
O  2p  states.  The  contributions  to  the  first  conduction  sub-band  are  primarily  due 
to  the  Ti  4s,  Ti  3d  and  Ba  6s  states.  As  expected,  the  Ba  6s  states  are  unoccupied, 
indicating  a  complete  charge  transfer  consistent  with  the  tight-binding  model. 
The  DOS  show  a  band  gap  of  3  eV.  Calculated  results  are  consistent  with  the 
experimental  x-ray  photoemmision  spectroscopy  (XPS)  data  (Fig.  2).  There  is  no 
significant  difference  in  density  of  states  between  the  cubic  and  tetragonal 
phases,  although  the  change  in  electronic  total  energy,  0.3  eV/unit  cell,  indicates 
more  stability  in  the  tetragonal  structure. 


Density  of  States/unit  cell  Density  of  Stotes/unit  cell 
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Energy  (eV) 


Figure  1 


Total  Density  of  States  per  unit  cell  versus  energy  (eV)  measured  relative 
to  vacuum  level  for  cubic  and  tetragonal  BaTiC>3.  Shaded  regions 
indicate  occupied  states. 
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Figure  2 


Enlarged  view  of  the  valence  band  of  cubic  BaTi03.  Superimposed  is 
XPS  valence  band  data. 


The  results  obtained  for  PbTi03  show  similar  features  to  that  of  the 
BaTi03.  The  primary  effect  of  the  substitution  of  Pb  is  to  contribute  states  to  the 
valence  band,  which  interact  strongly  with  the  O  2p  state.  Pb  also  contributes  to 
the  conduction  band  from  the  Pb  6p  states.  This  results  in  overlapping  valence 
and  conduction  bands,  a  result  perhaps  related  to  the  extraordinarily  large 
conductivity  in  this  system  as  compared  to  other  perovskites.  The  Pb  6p  is 
partially  occupied  which  contradicts  with  the  original  assumption  of  the 
complete  charge  transfer.  The  structural  transition  appears  to  change  the 
structure  of  the  density  of  states,  primarily  in  the  conduction  band  and  little 
change  is  observed  in  the  valence  band.  The  change  in  electronic  total  energy 
was  0.75  eV/unit  cell,  indicating  some  stability  in  the  tetragonal  structure. 

The  contradicting  results  obtained  for  the  PbTi03  case  suggest  that  the 
ionidty  of  Pb  and  O  appears  to  be  a  major  factor  in  the  calculation.  The  validity 
of  the  atomic  orbital  assumption  in  the  tight-binding  method  is  then  in  question. 
It  is  suspected  that  a  total  charge  transfer  does  not  occur  in  this  system.  A  self- 
consistent-field  calculation  is  currently  underway  to  obtain  the  wave  function 
and  ionidty  in  PbTiC>3  which  will  then  be  used  for  DOS  calculation. 

There  exist  very  little  experimental  data  on  PbTiOs  to  compare  with  our 
band  structure  calculation,  but  a  study  of  XPS  data  does  provide  some 
information.  The  results  for  Ti  Lnjn  XPS  indicate  little  change  in  the  Ti  states 
when  Pb  substitutes  for  Ba  —  this  agrees  with  our  current  calculations.  The  O  K- 
level  XPS  data  indicated  there  is  a  substantial  change  in  the  O  p-like  states  when 
Pb  substitutes  for  Ba.  This,  again,  agrees  with  the  calculated  electronic 
structures.  In  condusion,  the  current  results  imply  that  the  ionidty  in  FbTiOs 
must  be  considered  —  the  atomic  orbital  must  be  reconsidered  and  a  self- 
consistent-field  calculation  needs  to  be  performed  to  obtain  the  electronic  wave 
functions. 

Inelastic  Neutron  Scattering 

This  technique  has  been  employed  to  determine  the  phonon  dispersion 
relationships  and  to  investigate  their  roles  in  the  displadve  transformations  of 
ceramics  with  initial  emphasis  focused  on  the  cubic-to-tetragonal  transition  in 
KNbC>3.  A  model  of  the  structural  phase  transition  proposed  an  instability  in  a 
normal  vibrational  mode  of  the  lattice;  refinements  assodated  the  existence  of  the 
soft  mode  with  the  appearance  of  critical  fluctuations.  The  dynamical  nature  of 
these  pre-transitional  effects  is  best  studied  using  neutrons  for  several  reasons. 
Investigation  of  phonon  modes  may  be  studied  exdusively  by  inelastic  neutron 
scattering.  Similarly,  suffident  energy  resolution  in  inelastic  scattering  permits 
measurement  of  the  dynamic  susceptibility. 

Previous  work  on  these  materials  has  revealed  interesting  phenomena. 
For  example,  investigation  of  the  pre-transitional  behavior  of  the  orthorhombic- 
to-rhombohedral  phase  transition  in  KNb03  has  established  that  chains  of  Nb 
atoms  vibrate  independently  with  large  amplitudes  in  the  [010]Ort  direction. 
Another  pre-transitional  phenomenon  observed  is  the  transverse  soft  optic  mode, 
in  which  a  mode  determination  showed  that  all  but  the  Nb  atoms  in  the  lattice 
were  moving.  Other  researchers  confirmed  the  dynamical  nature  of  these  pre- 
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transitional  effects.  Studies  on  PbTi03  demonstrate  some  similar  aspects  to 
KNbC>3;  it  also  has  an  underdamped  zone  center  soft  mode.  However,  the  soft 
mode  behavior  is  nearly  isotropic  in  PbTiOj,  but  highly  anisotropic  in  KNbOj. 
Precursor  effects  have  not  been  observed  in  PbHQ3. 

We  have  conducted  a  series  of  inelastic  neutron  scattering  measurements 
on  KNb03  single  crystals  above  the  cubic-to-tetragonal  transition  temperature 
(~435°C)  using  the  HFIR  neutron  facility  at  the  Oak  Ridge  National  Laboratory. 
A  summary  of  the  phonon  dispersion  relationship  along  the  [OOlJcubic  direction 
is  shown  in  Fig.3  at  605°C  and  525°C.  Both  temperatures  show  a  broad,  flat 
transverse  acoustic  (TA)  mode  and  the  low  energy  "soft"  transverse  optical  (TO) 
mode.  Also  shown  are  the  temperature  independent  longitudinal  acoustic  (LA) 
and  the  lowest  energy  longitudinal  optic  (LO)  modes.  Contrary  to  a  previous 
report  by  Nunes  et  al.  [2]  the  current  results  show  an  enhanced  coupling  between 
the  TA  and  the  TO  modes.  Both  of  these  phonon  modes  are  soft  and  their 
eigenvectors  represent  the  transverse  vibrations  of  the  Nb  atom  (located  in  the 
body-centered  position)  and  the  oxygen  octahedron  (connection  among  6  face- 
centered  oxygen  atoms)  in  the  perovskite  structure  for  the  TA  and  TO  mode, 
respectively.  This  strong  coupling  in  the  cubic  phase  is  believed  to  be  the  main 
driving  force  for  the  ensuing  phase  transition  for  which  the  tetragonal  structure 
requires  a  relative  displacement  of  the  Nb  atom  from  the  oxygen  octahedron. 

The  lattice  dynamics  of  KNb03  were  treated  theoretically  using  a  rigid- 
shell  model  [3].  Physically,  this  corresponds  to  assuming  short  harmonic  forces 
act  between  nearest  neighbors  only.  The  long  range  Coulomb  forces  are  modeled 
by  monopole  and  dipole  type  interactions.  The  ion  is  described  as  consisting  of 
the  nucleus  and  inner  shell  electrons  and  an  electron  shell.  Coupling  between  the 
isotropically  polarizable  electron  shells  constitutes  the  monopole  contribution. 
Displacement  between  the  core  and  inner  shell  electrons  and  the  outer  electron 
shell  give  rise  to  dipole  interactions.  In  addition,  the  charges  on  the  ions  are 
allowed  to  vary.  There  are  a  total  of  fourteen  parameters  used  in  the  model.  The 
results  of  a  preliminary  fit  to  the  experimental  data  are  shown  in  Figure  4. 
Reasonably  good  agreement  is  obtained  for  the  TA  and  LA  modes.  Although 
agreement  on  other  modes  is  not  yet  satisfactory,  which  should  improve  upon 
further  refinement  with  the  consideration  of  anharmonidty,  the  low  energy  TO 
mode  is  apparent  in  our  model  calculation. 

The  inelastic  neutron  scattering  results  demonstrate  interesting  pre- 
transitional  phenomena  in  the  phonon  properties.  As  the  transition  temperature 
is  approached  from  above,  there  is  an  enhanced  coupling,  at  q~0.2,  between  the 
TA  and  TO  modes  (see  Fig.  5).  This  coupling  is  anharmonic  in  nature.  In 
addition,  there  is  evidence  of  coupling  between  the  transverse  optic  and  diffuse 
excitation,  the  nature  of  which  is  not  understood.  This  anharmonidty  effect 
manifests  itself  in  the  increased  line  width  of  the  phonon  mode  and  assodated 
damping  corresponding  to  a  decreased  phonon  lifetime.  The  theoretical 
modeling  provides  some  insight  to  the  observed  anomalous  behavior.  An 
analysis  of  the  atomic  displacements  [4]  using  a  rigid-shell  model  suggests  that  at 
reduced  wave  vector,  q=  0.2  -  0.5,  the  Nb  atoms  move  with  respect  to  an 
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Figure  3 


Theoretical  rigid-shell  model  calculation  fitted  to  the  experimental  phonon 
dispersion  curves  of  KNbC>3  along  the  [001]Cubic  direction  at  605°C. 
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essentially  rigid  oxygen  octahedral  in  the  transverse  acoustic  mode.  For  smaller 
wave  vectors,  displacement  occur  in  all  ions. 

Based  upon  our  investigation  the  softening  is  incomplete  and  the 
transition  is  of  the  first  order  kind.  A  phenomenological  model  suggests  that 
competing  displadve  interactions  can  lead  to  the  anomalous  phonon  dispersion 
curves  and  structural  instabilities,  where  the  positions  of  phonon  anomalies  and 
mode  softening  are  affected  by  cancellation  of  relatively  large  and  opposite 
forces.  This  model  suggests  that  phonon  dispersion  anomalies  and  high 
anisotropy  lead  naturally  to  the  concept  of  embryo-like  regions  with  a  specific 
correlation  length.  The  predicted  behavior  should  occur  for  a  wide  range  of 
temperatures  above  the  transition  temperature.  Quasi  elastic  neutron  scattering 
and/or  diffuse  x-ray  scattering  are  experimental  methods  suitable  to  examining 
the  possible  existence  of  these  precursor  embryo-like  domains  in  the  cubic  phase. 

Diffuse  X-ray  Scattering 

Diffuse  x-ray  scattering  intensities  from  a  FbTiC>3  single  crystal  near  the 
[002]tet  superlattice  reflection  position  have  been  monitored  at  temperatures 
covering  the  cubic-to-tetragonal  transition  point.  The  magnitude  of  thermal 
expansion  as  determined  from  the  Bragg  peak  position  is  shown  in  Figure  6  for 
both  the  cubic  and  the  tetragonal  phases  in  cooling  and  heating  cycles.  A 
discontinuous  change  in  the  lattice  parameter  is  noticed,  indicative  of  a  first- 
order  transition.  This  is  also  shown  by  a  hysteresis  of  8  degrees  for  the  transition 
temperatures  (Tc)  of  462°C  and  470°C  for  the  cooling  and  the  heating  cycles, 
respectively.  A  volume  change  of  about  2%  is  noticed  at  the  transformation 
temperature. 

Cooling  from  above  Tc  to  one  degree  below  it  showed  a  kinetic  behavior 
which  could  be  attributed  to  the  domain  distribution  that  gave  rise  to  a  preferred 
orientation  of  the  tetragonal  phase  with  its  c  axis  perpendicular  to  the  specimen 
surface.  This  behavior  can  be  seen  in  Figure  7  where  a  continuous  growth  of  the 
[002]tet  peak  occurs  at  the  expense  of  the  [200]tet  peak  until  the  latter  is  nearly 
completely  consumed.  Most  of  the  90°  domains  are  eliminated  after  100  minute 
anneal  at  461°C.  The  cause  for  the  domain  redistribution  is  believed  to  be  due  to 
the  confining  stress  exerting  on  the  sample  as  the  single  crystal  sample  was 
embedded  in  an  adhesive  cement  mold  on  an  hot  stage.  Therefore,  lateral 
confinement  of  the  sample  provides  a  larger  degree  of  freedom  for  the  specimen 
to  expand  in  a  direction  normal  to  the  sample  surface.  With  the  lattice  parameter 
"c"  being  larger  than  "a"  in  the  tetragonal  phase,  a  preferred  orientation  thus 
forms.  Back  transformation  during  heating  is  spontaneous,  no  kinetics  is 
observed.  This  is  to  be  expected  when  a  low-symmetry  phase  (tetragonal) 
reverts  back  to  a  high-symmetry  one  (cubic). 

Presence  of  tetragonal  fluctuations  is  observed  in  the  cubic  phase  of 
PbTiC>3  at  temperatures  as  high  as  80°  above  Tc  as  evidenced  by  the  asymmetric 
diffuse  tails  near  the  [002]cubic  peak  (Fig.  8).  This  diffuse  intensity  becomes  more 
pronounced  near  Tc.  Current  explanation  of  this  behavior  is  associated  with  the 
local  tetragonality  pinned  by  impurities  or  other  defects  such  as  vacancies.  This 
local  tetragonal  fluctuations  will  result  in  coherent  scattering  of  x-rays  as  if  it  is 
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Thermal  expansion 
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Figure  6 


then?ial  exPanS^on  normalized  by  the  lattice  constant  at 
540  C  for  PbTiC>3.  Triangles  are  data  points  on  heating  cycle  whereas 
circles  on  cooling  cycle. 
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Figure  7  Temporal  evolution  of  the  90°  tetragonal  domain  nucleation  and  growth  in 
PbTiC>3.  The  cubic  peak  and  the  splitting  of  the  two  tetragonal  (002)  and 
(200)  peaks  were  monitored  at  461°C. 
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from  a  cubic  phase  with  slightly  larger  lattice  parameter,  thereby  producing  a 
broad,  diffuse  maximum  at  the  lower  angle  side  of  the  [002]cubic  peak.  These 
local  tetragonal  fluctuations  may  be  considered  as  "embryonic"  fluctuations 
which  eventually  become  frozen  in  to  initiate  the  transformation  below  Tc.  Other 
possible  explanation  of  the  observed  pre-transidonal  phenomenon  is  due  to  the 
concept  of  Frankel  that  "heterophase"  fluctuation,  which  is  a  thermally  activated 
process  having  no  connection  with  impurities  or  defects,  may  occur  at 
temperatures  above  Tc.  Further  investigation  is  needed  in  order  to  differentiate 
these  two  possible  scenarios. 

The  soft  phonon  modes  in  KNbQj  as  observed  by  our  inelastic  neutron 
scattering  measurements  also  manifest  themselves  in  the  x-ray  thermal  diffuse 
scattering  (TDS)  pattern  in  a  surprising  but  extremely  informative  way  as 
evidenced  by  our  synchrotron  radiation  measurements  carried  out  at  NSLS, 
Brookhaven  National  Laboratory.  Preliminary  results  show  that  the  TDS 
distribution,  arising  from  low-energy  transverse  phonon  modes  propagating 
along  the  <100>cubic  directions,  consists  of  disk  shaped  sheets  of  intensities 
perpendicular  to  the  cubic  axes,  extending  out  to  the  Brillouin  zone  boundaries 
and  intersecting  all  fundamental  peaks.  This  observation  is  contrary  to  the  usual 
TDS  streaks  seen  in  many  other  systems  exhibiting  soft  phonon  modes.  The  2- 
dimensional  nature  of  the  TDS  in  KNbC>3  necessarily  implies  a  one-dimensional 
character  of  the  soft  phonons  in  real  space.  The  one  dimensional  nature  of  the 
propagating  soft  phonons  may  have  their  origin  in  anti-ferroelectric  dipole 
interactions  in  the  cubic  phase  to  minimize  the  total  free  energy  —  a  subject  of 
great  importance  but  needing  further  investigation. 
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AFOSR  URI  FINAL  REPORT 
(Professor  Waltraud  M.  Kriven) 

(a)  OBIECTIVES  OF  THE  RESEARCH  EFFORT 

The  aim  of  this  part  of  the  interdisciplinary  research  effort  were  to  obtain  a 
basic  scientific  understanding  of  martensitic  nucleation  and  transformations 
mechanisms  in  some  specific  ceramics.  It  is  worthwhile  to  mention  that 
simultaneously  with  this  URI,  there  was  in  place  a  large  AFOSR  grant  on 
'Transformation  Toughening  of  Composite  Ceramics"  [AFOSR  89  0300]  for 
which  Professor  Kriven  was  the  principal  investigator.  The  URI  work  pursued 
here  was  to  provide  some  basic  scientific  knowledge  of  transformation 
mechanisms  in  candidate  tougheners,  such  as  dicalcium  silicate,  and  nickel 
sulfide  (NiS). 

In  dicaldum  silicate  (Ca2SiC>4),  the  detailed  transformations  mechanisms 
between  the  five  polymorphs  occurring  on  cooling  from  the  melt  were  to 
elucidated.  The  reasons  why  this  system  was  chosen  was  because  it  represented  a 
material  whdh  was  a  non-perovskite  and  underwnet  large  positive  volume  and 
unit  cel  shape  changes  which  may  have  had  a  significant  effect  on  the  mechanical 
properties  of  a  ceramic  composite.  In  the  accompanying  transformation 
toughening  project,  attempts  were  being  made  to  apply  dicaldum  silicate  as  a 
transformation  toughener  of  ceramics. 

Related  to  the  monoclinic  (P)  to  orthorhombic  (y)  transformation  in 
Ca2SiC>4,  thought  to  be  most  likely  to  yield  transformation  toughening,  the 
decomposition  and  subsequent  transformation  mechanisms  in  hillebrandite 
(Ca2Si04»H20),  a  hydrated  form  of  Ca2Si04,  would  be  studied.  Phase 
transformation  mechanisms  were  also  studied  in  the  iso-structural  strontium 
orthosilicate  (Sr2Si04)  where  the  transformation  temperatures  of  some  of  the 
transformations  were  doser  to  room  temperature  and  permitted  in  situ  studies. 
Nickel  sulfide  (NiS)  par  tides  embedded  in  glass  which  had  catastrophically 
fractured  were  also  studied  to  ascertain  any  relationship  to  the  transformation 
therein. 

In  the  spirit  of  interdisdplinary  collaboration,  our  TEM  expertise  was  also 
focussed  on  studying  the  nudeation  and  transformation  mechanisms  in  the 
perovskite,  potassium  niobate  (KNbQj).  Large  single  crystal  specimens  were 
grown  by  Professor  Payne's  group  (by  Dr.  Pengdi  Han  and  Dr.  Bing  Nan  Sun). 
Professor  Haydn  Chen's  group  then  studied  pre- transitional  phenomena  and 
phonon  properties  by  theoretical  and  neutron  diffraction  techniques.  Pm  ssor 
Kriven's  group  were  to  make  corresponding  in  situ  TEM  observations  c f  r*.  jsible 
pre-transformational  phenomena,  as  well  as  to  document  the  complete 
transformation  sequence  in  KNIO3.  A  complete  set  of  elastic  moduli  for  KNbQj 
at  ambient  and  higher  temperature  conditions  were  to  be  measured  using 
Brillouin  spectroscopy,  by  Professor  Jay  Bass's  group. 


<b)  STATUS  OF  THE  RESEARCH  EFFORT 


The  work  on  dicalcium  silicate  (Ca^iO^,  hillebrandite,  (Ca2Si04«H20), 
strontium  orthosilicate  (Sr2Si04)  and  nickel  sulfide  (NiS)  has  been  published  or 
submitted  for  publication  (see  section  (c)  below  and  enclosed  reprints  and 
preprints). 

The  work  on  potassium  niobate  is  still  in  the  process  of  being  written  up 
and  published  collaboratively  with  Dr.  O.  Popoola  who  is  now  a  senior  research 
scientist  at  the  Ford  Research  Laboratories  in  Dearborn  Michigan.  The  in  situ 
TEM  study  of  the  transformation  mechanisms  will  be  presented  at  the  up  coming 
International  Conference  of  Phase  Transformations  '94 .  A  brief  overview  of  the 
KNbC>4  work  is  presented  here  as  follows. 
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Status  of  Research  Effort  in  Potassium  Niobate  (KNbQj) 

Introduction 

KNbC>3  is  isostructural  with  BaTiC>3  and  undergoes  a  series  of  phase 

transformations  during  cooling  as  depicted  in  Table  1.  The  cubic  -*  tetragonal 
phase  transformation  is  responsible  for  the  paraelectric  to  ferroelectric  transition 
in  the  crystal.  The  ferroelectric  state  is  maintained  during  subsequent  phase 
transitions.  However,  each  phase  is  characterized  by  different  polarization 
vectors.  The  exact  transformation  temperature  may  vary  depending  cm  the 
impurity  content  in  the  crystal.  All  of  the  phase  transformations  are 
accompanied  by  negligible  volume  changes.  The  nudeation  of  new  phases 
generally  occurs  at  defects  such  as  surfaces,  stacking  faults,  dislocations  and 
grain  boundaries  [1-3].  The  domain  structures  in  the  tetragonal  and 
orthorhombic  ferroelectric  phases  are  intimately  linked  on  account  of  the  nature 
of  the  impurity  sites  in  both  phases.  While  the  impurity  site  density  may 
determine  the  onset  and  kinetics  of  the  phase  transformations,  the  structural 
mechanisms  (lattice  correspondence,  orientation  relations,  order  of 
transformation)  remain  the  same.  A  variety  of  techniques  (X-ray  photoelectron 
spectroscopy,  optical  microscopy,  interferrometry)  have  been  used  to  study  the 
various  aspects  of  phase  transformations  in  KNbC>3  [4-7].  Most  of  these  studies 
dealt  with  physical  properties  such  as  dielectric  constraints,  refractive  index,  and 
transition  heat  and  entropy  changes).  The  few  electron  microscopy  studies 
conducted  so  far  have  essentially  focused  on  identifying  the  nature  of  domains 
and  domain  well  behavior. 

The  aim  of  this  study  was  to  perform  detailed  transmission  electron 
microscopy  studies  of  phase  transformation  mechanisms  in  KNbC>3. 

Table  1. 


Phase 

IV 

III 

n 

I 

State 

F 

F 

F 

P 

Crystal  System 

Rhomb 

Orthorhombic 

Tetragonal 

Cubic 

Space  Group 

R3m 

Bmm2 

P4mm 

Pm3m 

Polarization 

//[111] 

//[001] 

//[001] 

Vector  (P ) 
Transformation 
temperature  (°C) 

-10 

225 

418 

Unit  Cell  Volume 

64.77 

64.73 

64.92 

65.18 

(A3) 


F  =  Ferroelectric,  P  =  Paraelectric. 
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Experimental  Procedures 

Hun  slices  were  cut  from  flux  grown  single  crystals  and  mechanically 
polished  to  a  thickness  of  150  pm  using  a  mixture  of  diamond  paste  and 
isopropyl  alcohol.  3  mm  diameter  discs  were  then  ultrasonically  drilled, 

dimpled  on  one  side  to  a  thickness  of  about  50  pm  and  mounted  on  to  Cu  grids 
for  support.  Final  perforations  were  achieved  by  argon  ion  beam  milling  under 

an  accelerating  voltage  of  6  KV  and  a  gun  current  not  exceeding  1  pA  at  room 
temperature.  Under  these  conditions,  no  irradiation-induced  domain  boundary 
motion,  domain  nudeation  or  dislocation  creation  was  expected.  The  thinned 
samples  were  observed  on  a  Philips  CN 12  TEM  operated  at  120  KV  for 
microstructural  characterization  prior  to  phase  transformation  experiments.  In 
other  studies  the  details  of  the  phase  transformations,  previously  observed  and 
selected  TEM  samples  were  mounted  on  a  specially  designed  double  tilt  high 
temperature  spedmen  holder.  In  situ  experiments  were  performed  at  Argonne 
National  Laboratory  using  the  HVEM  Tandem  Facility.  The  samples  were 
heated  at  approximately  2°C/min  up  to  578°C,  dwelled  overnight  (in  excess  of  10 
hrs)  to  allow  for  maximum  lattice  relaxation  in  the  cubic  phase.  The  dwelled 
samples  are  cooled  at  a  rate  of  2°C/min.  Structural  changes  were  observed  both 
in  bright  field  and  dark  field  modes.  The  microscope  was  fitted  with  a  video 
system,  permitting  a  recording  of  the  transformation  sequences.  Once  a 
transformation  was  observed,  the  transformed  sample  was  reheated  to  induce 
the  reverse  transformation. 

Experimental  Results 

1.  RT  Microstructure  ofKNbOz 

Figure  1  shows  a  low  magnification  bright  field  obtained  for  a  symmetrical 
exdtation  of  the  [100]  zone  axis.  Dark  lines  of  contrast  intersecting  the  crystal 
edge  [Oil]  at  60°  and  90°  are  dearly  visible.  Other  lines  parallel  to  [011]  are  also 
dearly  visible.  This  indicates  the  presence  of  a  complex  domain  structure  in  the 
KNb03  crystals  studied.  On  a  pseudo  cubic  [001]  face,  the  60°  domain  line  can 
appear  either  parallel  to  an  edge  or  at  an  angle  of  45°  with  it.  The  90°  and  180° 
domain  lines  lie  parallel  to  an  edge  but  only  the  former  are  visible. 

A  higher  magnification  bright  field  image,  showing  the  complexity  of  the 
domain  structure  is  shown  in  Figure  2.  Two  distinct  types  of  boundaries  can  be 
dearly  seen.  The  first  type  marked  A  is  characterized  by  lamellar  bands  with 
straight  edges.  The  second,  B,  is  wedge  shaped.  Area  C  shows  the  region  of 
intersection  between  A  and  B.  Figure  3a,  is  a  higher  magnification  micrograph  of 
region  A.  The  assodated  diffraction  pattern  (Figure  3b)  dearly  show  the  [001  ]p 
zone  axis  of  the  orthorhombic  phase. 

From  these  two  micrographs,  some  distinctive  features  can  be  observed: 

•  The  ferroelectric  domains  formed  bands  with  boundaries  parallel  to  the 
<001>p  direction. 

•  These  was  a  sharp  contrast  between  two  adjacent  domains  in  the 
bright  field  image. 

•  High  order  diffraction  spots  are  split  in  the  first  order  (001)  Laue  zone. 
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These  characteristics  are  those  of  90°  ferroelectric  domains.  They  lie  on  {100}  and 
have  their  ferroelectric  axis  perpendicular  to  one  another.  This  domain 
configuration  is  the  most  commonly  observed  on  the  samples  studied. 

Figure  4  shows  the  higher  magnification  micrograph  of  the  wedge-shaped 
domains  (labelled  B  in  Figure  2)  and  the  associated  {100}p  diffraction  pattern. 
Detailed  analyses  of  these  micrographs  revealed  the  following: 

•  There  was  no  background  intensity  variation  across  the  boundary 
whatever  the  diffraction  vector  g  used. 

•  The  boundaries  are  wedge-shaped  and  no  spot  splitting  was  observed 
in  the  first  order  Laue  {001}  diffraction  pattern. 

•  The  wedge  shaped  domains  had  a  core  contrast  consisting  of  alternating 
bright  and  dark  lines  when  the  diffraction  deviation  parameters  S  =  5° 
in  the  multi-beam  condition. 

•  No  superlattice  spots  were  visible  in  the  diffraction  pattern. 

•  The  extreme  fringe  contrast,  using  g  =  001  (see  Figure  5)  showed  an 
asymmetric  bright  field  image  and  a  symmetric  dark  field  image. 

These  observations  permitted  the  identification  of  these  boundaries  as  180° 
domain  boundaries.  These  boundaries  have  their  polarization  vectors  parallel  to 
each  other  with  opposite  axial  orientations. 


Figure  1 .  Bright  field  TEM  image  of  KNbC>3  showing  lines  of  contrast  parallel  to  the 
crystal  edge  [01 1  ]p  direction.  Other  lines  at  60° and  45° are  also  shown. 
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Figure  2.  Higher  magnification  TEM  bright  field  micrograph  showing  the 
complex  domain  configuration  in  KNb03. 


Figure  4.  Wedge  shaped  180° domains  in  KNbC>3  and  the  associated  [001  diffraction  pattern. 


Figure  5.  Extreme  fringe  contrast  behavior  of  the  180°  wedge  shaped  domains. 

2.  Phase  Transformations  in  KNb03 

Cubic  — >  Tetragonal  Phase  Transformation 

After  an  overnight  dwell  at  510°C,  the  cubic  phase  microstructure  was 
featureless.  A  few  grain  boundaries  could  be  revealed.  Figure  6a  shows  a  typical 
microstructure  of  the  cubic  phase.  Upon  cooling,  the  microstructure  remained 
unchanged  until  440°C.  The  lattice  parameter  changes  associated  with  a 
temperature  variation  could  not  be  detected  by  electron  diffraction.  At  440°C, 
there  appeared  a  quasi-periodic  microdomain  structure  (Figure  6b).  These 
microdomains  were  stable  and  did  not  disappear  or  coalesce  with  time  at  440°C. 
A  further  decrease  in  temperature  resulted  in  the  nudeation  of  ferroelectric 
domain  structures.  These  ferroelectric  domains,  nucleated  independently,  one 
after  the  other  and  were  parallel  to  each  other.  There  was  no  collective 
transformation  front  as  the  domains  appeared  to  grow  independently. 
Spontaneous  nudeation  of  ferroelectric  domains  was  followed  by  a  certain 
amount  of  growth  along  the  lamellar  axis  (Figure  6c).  The  growth  was  arrested 
after  a  few  seconds,  and  a  temperature  decrease  was  needed  to  ensure  further 
growth  of  the  ferroelectric  lamellae.  The  longitudinal  growth  rate  was  faster 
than  the  thickening  rate.  (A  video  tape  was  made  of  the  entire  transformation 
experiment).  The  transformation  was  complete  at  410°C.  Further  cooling 
resulted  in  the  re-arrangement  of  the  ferroelectric  domains.  Typical  tetragonal 
domain  configurations  are  shown  in  Figure  7.  The  reverse  transformation  upon 
heating  (tetragonal  to  cubic)  started  at  418°C  with  a  transformation  front  that 
swept  through  the  crystal  instantaneously.  The  cubic  — »  tetragonal 
transformation  (and  the  reverse)  had  no  microstructural  memory  effect,  i.e., 
repeated  transformation  cydes  did  not  necessarily  produce  the  same 
microstructures.  The  tetragonal  ferroelectric  plates  were  divided  into  multiple 
thin  plates  (white  •  nes  arrowed  in  Figure  7b). 


Figure  6  TEM  bright  field  image  showing  the  microstructurc  of  KNbC>3  at  various 
temperatures:  (a)  510X1,  (b)  440X  and  (c)  425X. 
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Figure  6.  TEM  bright  field  image  showing  the  microstructure  of  KNbO 3  at  various 
temperatures:  (a)  510°C,  (b)  440 °C  and  (c)  425 °C. 


Figure  8.  Diffraction  patterns  at  various  temperatures  (a)  510°C,  (b)  440 °C  and 
( c)396°C . 

Figure  8  shows  the  selected  area  diffraction  patterns  taken  at  510°C  (cubic 
phase),  440°C  (pretransition  microdomains)  and  396°C  (tetragonal  phase) 
respectively.  Figures  8a  and  b  show  that  the  microdomains  were  formed  in  the 
cubic  phase.  While  there  was  micros tructural  memory  during  this  phase  of  the 
transformation,  complete  crystallographic  memory  was  observed  on  repeated 
experiments.  The  reversible  orientation  relationship  was  "the  cube  on  cube" 
relation  in  which: 

[110]c//[110]t  and  (001)c//(001)t. 


Discussion  and  Conclusion 

The  theory  of  domain  H  orientations  [8,9]  predicts  that  an  uncharged 
90°  domain  wall  should  col  :.iat  with  a  {001  }p  type  plane  while  the  180°  walls 
should  be  parallel  to  a  [001  ]p  =  >  section.  The  pre-transformation  microdomains 
observed  in  this  study  had  extinction  effects.  There  was  a  shift  between  two  parts 
of  parallel  stripes  along  the  direction  perpendicular  to  the  stripes  and  they  lost 
their  contrast  when  g  was  parallel  to  their  elongating  directions.  These 
observations  implied  two  things: 

•  The  stripes  were  not  the  normal  ferroelectric  microdomains  as  their 
contrast  could  not  represent  either  domain  or  domain  walls. 

•  There  was  a  certain  displacement  field  R(n)  of  certain  ions  as  the 

extinction  condition  g*R(n)  was  fulfilled  in  certain  cases.  The  nature 
of  the  ion  that  was  displaced  remains  uncertain.  However,  by  analogy 
to  the  mechanism  in  BaTiC>3,  we  think  that  the  Nb  ions  were  displaced. 
Displacement  of  K  ions  would  have  resulted  in  much  higher 
contrast  of  the  microdomains.  This  was  in  agreement  with  the  models 
of  Comes  et  al.[10]  and  Aitoh  et  al.[ll]  According  to  these  models,  Nb 
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ions  are  displaced  from  the  center  of  the  oxygen  octahedra  along  the 
equivalent  eight  <lll>p  directions.  This  implied  that  the  Nb  atoms 
had  eight  local  disorder  positions.  The  observed  zebra-like 
microdomains  observed  in  this  study  may  have  been  the  local  ordered 
domains  with  modulated  structures,  i.e.,  in  each  stripe,  the  Nb  ion  was 
displaced  along  one  <lll>p  direction.  This  disorder  — >  order  transition 
occurred  in  the  cubic  phase  and  was  premonitory  to  the  cubic  — » 
tetragonal  phase  transformation.  Our  experimental  evidence  showed 
that  the  transformation  had  an  hysteresis  and  that  the  fraction  coverted 
was  temperature  dependent.  It  also  showed  a  reversible 
crystallographic  orientation  relationship.  The  overall  transformation 
mechanism  could  be  assumed  to  be  composed  of  order-disorder  and 

displadve  mechanisms,  associated  with  the  T25  soft  phonon  of  the 
transition.  Cowley  [12]  showed  that  T25,  in  the  soft  phonon  of  the  cubic 
— » tetragonal  transition  had  an  intrinsic  vector  corresponding  to  the 
displacement  of  Nb  ions  along  <001  >p.  Therefore,  below  the  transition 
point,  the  condensed  displacement  would  give  rise  to  a  displadve 
polarization  Pd  which  was  parallel  to  <001  >p.  The  order-disorder  phase 
transition  could  be  described  in  terms  of  pseudo-spin  waves  [11].  The 
optical  transverse  soft  phonon  may  be  strongly  coupled  to  the  pseudo¬ 
spin  waves.  The  displadve  polarization  would  always  be  parallel  to  the 
order-disorder  one.  Couplings  between  the  pseudo-spin  waves  and 
other  degrees  of  freedom  (acoustic  phonon  for  example)  would  make  it 
possible  to  form  long  range  commensurate  or  incommensurately 
modulated  structures. 

The  main  condusions  of  this  investigation  are  as  follows: 


•  KNbC>3  consists  of  60°,  90°  and  180°  domains  at  room  temperature. 

•  The  cubic  -» tetragonal  phase  transformation  started  at  438°C,  and  was 
completed  at  410°C.  It  had  all  the  characteristics  of  a  first-order 
displadve  transformation. 

•  There  was  a  pre-transformation  formation  of  ordered  microdomains. 

•  A  mechanism  of  order-disorder  and  displadve  transformation  modes 
are  used  to  explain  the  phase  change. 
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OH,  April  28th-May  2nd  1991. 

"TEM  Characterization  of  a  Modulated  (3  Phase  in  Polycrystalline  Di calcium 
Silicate,"  Y.J.  Kim*,  I.  Nettleship  and  W.M.  Kriven.  Presented  at  49th  Annual 
Meeting  of  the  Electron  Microscopy  Society  of  America  (EMSA),  San  Jose, 
California  (1991). 

"Microstructural  and  Microchemical  Characterization  of  Nickel  Sulfide 
Inclusions  in  Plate  Glass,"  J.J.  Cooper*,  0.0.  Popoola  and  W.M. 
Kriven.Presented  at  49th  Annual  Meeting  of  the  Electron  Microscopy 
Society  of  America  (EMSA),  San  Jose,  California  (1991). 

"On  Possible  Origins  of  the  Displadve  {3  to  y  Transformations  in  Ca2Si04: 
Role  of  Lattice  Strains  and  Non-bonded  Forces,"  Y.  J.  Kim*  and  W.  M. 
Kriven.  Presented  at  Am.  Ceram.  Soc.  Fall  Meeting  on  Atomic  Structure, 
Bonding  and  Properties  of  Ceramics  as  Abstract{#10-BF-91F).  Held  on  Marco 
Island  in  Florida  on  October  13-18th  1991. 

"Preparation  and  Hydration  Kinetics  of  Fine  CaAl204  Powders,"  M.  A. 
Gulgun*,  O.  O.  Popoola,  I.  Nettleship,  W.  M.  Kriven  and  J.F.  Young. 
Presented  at  Materials  Research  Society  Fall  Meeting,  Dec  1991,  Boston,  MA. 

"On  Phase  Transformation  Mechanisms  in  Dicalcium  Silicate  (Ca2Si04)," 

Y.J.  Kim  and  W.  M.  Kriven*.  Invited  talk  presented  at  the  Fall  meeting  of  the 
American  Geolophysical  Union  held  in  San  Fransisco,  California,  Dec  9-13th 
1991. 


"Preparation  and  Phase  Stability  of  Strontium  Orthosilicate  (Sr^SiO^/'  J.  L. 
Shull*  Jr.,  I.  Nettleship  and  W.  M.  Kriven.  Presented  at  the  Annual  Meeting 
of  the  American  Ceramic  Society/  abstract  #  [197-B-92],  April  12-16th, 1992 
in  Minneapolis,  MN. 

"Crystallography  and  Phase  Transformations  of  Modulated  a'-Sr2Si04, Y. 
J.  Kim*,  J.  L.  Shull  Jr.  and  W.  M.  Kriven.  Presented  at  the  Annual  Meeting  of 
the  American  Ceramic  Society,  abstract  #  [198-B-92],  April  12-16th,  1992  in 
Minneapolis,  MN. 

"Microstructure  and  Phase  Transformations  of  Nickel  Sulfide  Inclusions  in 
Plate  Glass,"  J.  J.  Cooper,  O.  O.  Popoola  and  W.  M.  Kriven.  Abstract  #  [27- 
BP-92]  .Presented  at  the  Annual  Meeting  of  the  American  Ceramic  Society, 
April  12-16th,  1992  in  Minneapolis,  MN. 

'  Transformation  Mechanisms  in  Dicalcium  Silicate  and  Distrontium 
Orthosilicate' "  Y.  J.  Kim,  J.L.  Shull,  B.  N.  Sun  and  W.  M.  Kriven*.  Presented 
at  the  International  Conference  on  Martensitic  Transformations  (ICOMAT 
'92).  Held  in  Monterey,  CA,  July  20-24th  1992. 

"TEM  Characterization  of  the  a'and  P  Phases  in  Polycrystalline  Distrontium 
Silicate  (Sr2Si04),"  Y.  J.  Kim,  J.  S.  Shull  and  W.  M.  Kriven.  Presented  at  the 
50th  Annual  Meeting  of  the  Electron  Microscopy  Society  of  America 
(EMSA),  held  in  Boston,  Aug  16-21, 1992. 

"Characterisation  of  Nickel  Sulphide  Stones  in  Glass,"  J.  J.  Cooper,  O.  O. 
Popoola  and  W.  M.  Kriven.  Presented  at  Austceram  '92,  International 
Ceramics  Conference  and  Exhibition  held  in  Australia,  August  16-21st,  1992. 

"Phase  Transformations  and  Fracture  Associated  with  Nickel  Sulfide  Stones 
in  Glass,"  W.  M.  Kriven*,  J.  J.  Cooper  and  O.  O.  Popoola.  Presented  at  53rd 
Annual  Conference  on  glass  Problems,  Nov  17-18th  1992,  Ohio  State 
University. 

'Transformation  Mechanisms  and  Induced  Fracture  in  Ceramics,"  W.  M. 
Kriven*.  Presented  at  the  Materials  Research  Society,  Spring  Meeting,  held 
in  San  Fransisco,  California  in  April  16-18th  1993. 

"Phase  Transformations  in  Chemically  Derived  Enstatite  Powders,"  D.  H. 
Kuo*,  C.  M.  Huang,  Y.  J.  Kim  and  W.  M.  Kriven.  Presented  at  the  Annual 
Meeting  of  the  American  Ceramic  Society,  held  in  Cincinnati  in  April  18- 
22nd,  1993. 


'Transformation  Mechanisms  in  Distrontium  Silicate  (S^SiC^)/'  Y.  J.  Kim*, 
J.  L.  Shull  Jr.,  and  W.  M.  Kriven.  Presented  at  the  Annual  Meeting  of  the 
American  Ceramic  Society,  held  in  Cincinnati  in  April  18-22nd,  1993. 

"The  Orthorhombic  (o)  to  Tetragonal  (t)  Transformation  in  KNb03,"  O.  O. 
Popoola*  and  W.  M.  Kriven.  Presented  at  the  Annual  Meeting  of  the 
American  Ceramic  Society,  held  in  Cincinnati  in  April  18-22nd,  1993. 

"Calcination  Behavior  of  Chemically  Prepared  Calcium  Aluminate,"  M.  A. 
Gulgun*,  O.  O.  Popoola  and  W.  M.  Kriven.  Presented  at  the  Annual  Meeting 
of  the  American  Ceramic  Society,  held  in  Cincinnati  in  April  18-22nd,  1993. 

"Crystal  Growth  and  Characterization  of  Distrontium  Silicate,"  B.  N.  Sun*,  J. 
L.  Shull  and  W.  M.  Kriven.  Presented  at  the  Annual  Meeting  of  the 
American  Ceramic  Society,  held  in  Cincinnati  in  April  18-22nd,  1993. 

"Synthesis  of  Silicate  and  Aluminate  Powders  by  a  Modified  Pechini 
Process,"  M.  A.  Gulgun*,  C.  M.  Huang,  D.  H.  Kuo,  J.  L.  Shull*,  K.  G.  Slavick, 
T.  K  Swanson,  W.  M.  Kriven,  I.  Nettleship  and  R.  Russel.  Presented  at  the 
Annual  Meeting  of  the  American  Ceramic  Society,  held  in  Cincinnati  in 
April  18-22nd,  1993. 

"  TEM  Investigation  of  Crystallization  Kinetics  in  Calcium  Aluminate 
Powders,"  M.  A.  Gulgun*,  O.  O.  Popoola  and  W.  M.  Kriven.  Presented  at 
the  Joint  Meeeting  of  the  Central  States  Electron  Microscopy  Society, 
Sangamon  State  University,  Springfield,  Illinois,  May  20th  1993. 

"Phase  Transformation  Induced  Intragranular  Microcracks  in  Enstatite,"  D. 
H.  Kuo*,  C.  M.  Huang,  Y.  J.  Kim  and  W.  M.  Kriven.  Presented  at  the  Joint 
Meeeting  of  the  Central  States  Electron  Microscopy  Society,  Sangamon  State 
University,  Springfield,  Illinois,  May  20th  1993. 

"Pretransitional  Phenomena,  Transformation  Mechanisms  and 
Crystallography  of  PbTiC>3  and  KNbC>3,"  H.  Chen*,  C.  M.  Wayman,  W.  M. 
Kriven  and  J.  D.  Bass.  Presented  at  8th  International  Meeting  on 
Ferroelectricity  (IMF8)  held  at  NIST  in  August,  1993 

"TEM  Study  of  the  Decomposition  of  Synthetic  Hillebrandite,"  Y.  J.  Kim  and 
W.  M.  Kriven*.  To  be  presented  at  the  Annual  Meeting  of  the  American 
Ceramic  Society,  Indianapolis,  IN,  April  24-28 1994. 

"Phase  Transformations  in  Potassium  Niobate  Perovskite  Ceramic,"  O.  O. 
Popoola  and  W.  M.  Kriven.  To  be  presented  at  the  International  Conference 
on  Solid  to  Solid  Phase  Transformations,  Pittsburgh,  PA  July,1994. 
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'The  Mechanism  of  the  Tetragonal  to  Monoclinic  Transformation  in 
YNbQj,"  J.  L.  Shull,  B.  N.  Sim  and  W.  M.  Kriven.  To  be  presented  at  the 
International  Conference  on  Solid  to  Solid  Phase  Transformations, 
Pittsburgh,  PA  July,1994. 

"High  Temperature  Phase  Transformation  in  Y4AI2O9,  Gd4Al209,  and 
Dy4Al209,"  J.  L.  Shull  and  W.  M  Kriven.  To  be  presented  at  the 
International  Conference  on  Solid  to  Solid  Phase  Transformations, 
Pittsburgh,  PA  July,1994. 


INVITED  LECTURES 

•  "SEM  and  TEM  in  Materials  Science,"  W.M.  Kriven.  Invited  lecture. 
American  Chemical  Society  Annual  Meeting,  Tutorial  Sessions  in  Materials 
Science,  New  York,  NY,  Aug  25th  1991. 

•  "On  Phase  Transformation  Mechanisms  in  Dicalcium  Silicate  (Ca2Si04>," 
Y.J.  Kim  and  W.  M.  Kriven*.  Invited  lecture  presented  at  the  Fall  meeting  of 
the  American  Geolophysical  Union  held  in  San  Fransisco,  California,  Dec  9- 
13th  1991. 

•  "Phase  Transformations  and  Toughening  Mechanisms  in  Composite 
Ceramics,"  W.  M.  Kriven.  Invited  lecture  presented  at  the  Materials  Science 
and  Engineering  Depart;  lental  Colloquium,  University  of  Illinois  at 
Urbana-Champaign,  on  February  10th  1992. 

•  "Phase  Transformations  and  Toughening  Mechanisms  in  Composite 
Ceramics,"  W.  M.  Kriven.  Invited  lecture  presented  at  the  Materials  Science 
and  Engineering  Departmental  Seminar,  Massachusetts  Institute  of 
Technology  (MIT),  on  February  18th  1992. 

•  'Toughening  Mechanisms  in  Non-Zirconia  Composites,"  W.  M.  Kriven*. 
Invited  lecture,  abstract  #  [42-C-92].  Presented  at  the  Annual  Meeting  of  the 
American  Ceramic  Society,  April  12-16th,  1992  in  Minneapolis,  MN. 

•  "Phase  Transformations  and  Toughening  Mechanisms  in  Composite 
Ceramics,"  W.  M.  Kriven.  Invited  lecture  presented  at  the  Materials  Science 
and  Engineering  Departmental  Seminar,  Illinois  Institute  of  Technology 
(HT),  on  April  30th  1992. 

•  "Electron  Microscopy  Observations  of  Micromechanical  Behavior  in 
Ceramic  Composites,"  W.  M.  Kriven.  Invited  seminar  presented  in  the 
Materials  Science  and  Engineering  Laboratory,  National  Institute  of  Science 
and  Technology  (NIST),  Gaithesburg,  MD.  per  Dr.  S.  M.  Wiederhom.  Held 
on  Oct  29th  1992. 
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•  'Transformation-Induced  Fracture  in  Ceramic  Composites,"  W.  M. 
Kriven*.  Invited  lecture,  presented  at  the  Annual  Meeting  of  the  American 
Ceramic  Society,  held  in  Cincinnati  in  April  18-22, 1993. 

•  "Phase  Transformations  in  Ceramics,"  W.  M.  Kriven*.  Invited  lecture. 
Presented  at  the  Microscopy  Society  of  America  (MSA)  Annual  Meeting, 
held  in  Cincinnati  in  Aug  1-6, 1993. 

•  "Volume  Changes  During  Transformation  in  Ceramics,"  W.  M.  Kriven*. 
Invited  lecture  presented  at  the  ASM  Fall  Meeting  in  the  Symposium  on 
Effect  of  Plastic  Deformation  on  the  Thermodynamics.  Kinetics  and 
Mechanisms  of  Phase  Transformations  "  held  in  Pittsburgh,  PA,  Oct  17-21, 
1993. 

•  'Twinning  in  Structural  Ceramics,"  W.  M.  Kriven.*  Invited  lecture 
presented  at  TMS  Fall  Meeting  in  Symposium  on  Twinning  in  Advanced 
Materials.  Held  in  Pittsburgh,  PA,  Oct  17-21, 1993. 

•  "Ceramics  Via  Organic  and  Inorganic  Synthesis,"  W.  M.  Kriven*.  Invited 
lecture  to  be  presented  to  the  Illinois  Association  of  Chemistry  Teachers, 
Annual  Meeting  at  the  University  of  Illinois  at  Urbana-Champaign,  March 
4th  1994. 

•  "Displadve  and  Martensitic  Transformations  in  Ceramics,"  W.  M.  Kriven.* 
Invited  overview  paper,  to  be  presented  at  International  Conference  on 
Solid  to  Solid  Phase  Transformations  in  Inorganic  Materials  '94.  To  be  held 
in  Pittsburgh  in  July  17-22, 1994. 


(e)  (ii)  CONSULTATIVE  AND  ADVISORY  FUNCTIONS  TO  OTHER 

LABORATORIES  AND  AGENCIES 

None 

(f)  NEW  DISCOVERIES.  INVENTIONS  OR  PATENTS 
None 

<g)  ANY  OTHER  STATEMENTS  TO  PROVIDE  ADDITIONAL  INSIGHTS 


None 


PROFESSOR  D.  A.  PAYNE 
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PHASE  TRANSFORMATIONS  IN  FERROIC  CERAMICS,  D.  A.  PAYNE 

a.  Objectives  and  Statement  of  Work 

1.  Establish  a  materials  synthesis  and  processing  facility  for  the  preparation  and 
characterization  of  single  crystals  and  polycrystalline  specimens  of  suitable  size  and 
perfection  for  intrinsic  property  measurements. 

2.  Investigate  phase  transformations  in  ferroic  ceramics,  and  contribute  to  the 
understanding  of  nudeation  and  growth  mechanisms  for  displadve 
transformations. 

3.  Determine  the  role  of  domain  and  twin  configurations  on  switching  characteristics 
and  phase  transformation  behavior  in  terms  of  crystallography,  thermodynamics 
and  kinetic  factors. 

4.  Examine  hysteresis  behavior  and  thermal  stability  of  phase  transformations,  and 
evaluate  in  terms  of  martensitic  models  for  ceramic  materials. 

5.  Develop  theoretical  models  to  explain  the  phenomenology  of  displadve 
transformations  and  predict  the  possibility  of  unusual  properties. 

6.  Make  self-consistent  thermodynamic  calculations  to  determine  the  appropriateness 
of  the  proposed  model. 

7.  Design  material  systems  and  structures  and  demonstrate  the  feasibility  of  novel 
applications  assodated  with  phase  transformation  behavior. 

8.  Investigate  the  role  of  coordination  and  molecular  building  blocks  on  transformation 
behavior  and  structure-property  relations. 

b.  Significant  Accomplishments 

Major  collaborations  occurred  during  the  UKI  project  on  the  materials  synthesis, 
processing,  crystal  growth,  characterization  and  property  measurements  on  ceramic 
materials  which  exhibit  unusual  phase  transformation  behavior.  For  example,  we 
established  and  equipped  laboratories  for  (i)  materials  chemistry,  synthesis,  chemical 
preparation  and  analysis,  (ii)  powder  processing,  sintering  and  hot-pressing,  (iii)  a  state- 
of-the-art  crystal  growth  facility  for  melt,  flux  and  hydrothermal  methods,  (iv)  a  thermal 
analysis  facility  for  the  determination  of  intrinsic  properties  associated  with  phase 
transformations,  induding  enthalpy  and  dimensional  changes,  and  (v)  specialized 
equipment  for  electrical  and  mechanical  measurements.  Notable  achievements, 
indude,  the  growth  of  large  crystals  of  suffident  size  for  property  measurements  (e.g., 
electrical,  mechanical,  optical,  structural,  etc.)  by  members  of  the  URI  group.  For 
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example,  we  made  significant  achievements  and  received  international  recognition  for 
the  growth  of  large  PbTi03  and  YBa2Cu306+x  single  crystals.  In  addition  we  made 
contributions  to  the  growth  of  Z1O2, 2CaO.SiC>2, 2Y2O3.AI2O3,  ReNb04,  KNb03, 
BaTi03,  UB3O5  and  KTi0P04. 

An  example  of  a  notable  achievement  was  the  development  of  an  accelerating 
crucible  rotation  method  for  the  growth  of  single  crystals  of  the  highest  perfection  by  a 
self-flux  technique.  For  example,  we  supplied  large  single  domain  crystals  of  PbHC>3 
and  KNb03  to  Professor  Bass  and  collaborated  on  the  determination  of  intrinsic  elastic 
constants  by  Brillouin  scattering  methods,  and  the  effects  of  pressure  on  phase 
transformation  behavior.  Similar  crystals  were  studied  by  Professor  Chen  on  pre¬ 
transformation  behavior,  and  by  Professor  Wayman  on  the  crystallography  of  domain 
configurations.  In  addition,  UB3O5  and  KTiOPC>4  crystals  were  grown  by  a  self-flux 
method,  and  the  effects  of  trigonal  (B),  tetrahedral  (P)  and  octahedral  (Ti)  coordinations 
were  investigated  on  phase  transformation  behavior.  Electrical  and  optical  properties 
were  determined  in  the  vicinity  of  the  transformation,  and  the  materials  could  find 
applications  for  second  harmonic  generation  and  blue  light  emission. 

With  respect  to  polycrystalline  ceramics,  and  electromechanical  properties,  we 
made  a  significant  contribution  to  the  understanding  of  competing  phases  at 
antiferroelectric  (AFE)  -to-  ferroelectric  (FE)  phase  transformations.  We  prepared 
materials  in  the  Pb(Zr,  Sn,  Ti)C>3  system  (PZST)  by  chemical  processing  and  hot- 
pressing  methods,  and  investigated  the  phase  transformation  between  FE 
rhombohedral  and  AFE  tetragonal  structures.  Thermal  analysis  determined  the 
transformation  to  be  first  order,  with  considerable  thermal  hysteresis.  Through 
collaboration  with  Professor  C.  M.  Wayman,  we  developed  a  martensitic  approach  to 
explain  the  observed  thermal  behavior  for  the  displacive  material.  A  thermodynamic 
formalism  was  developed  to  explain  how  the  normally  low  temperature  (LT)  FE  state 
could  be  induced  from  the  higher  temperature  (HT)  AFE  state  on  application  of  an 
electric  field.  The  electric  work  done  could  overcome  the  thermodynamic  barrier  (AG*) 
into  the  FE  state,  and  depending  upon  the  temperature  of  operation,  the 
thermodynamic  approach  could  explain  reversible-irreversible  phenomena  associated 
with  shape  and  volume  changes.  In  addition,  the  thermodynamic  approach  predicted 
shape-memory  and  superelastic  properties,  which  were  subsequently  discovered  in  the 
predicted  temperature  ranges.  These  important  discoveries  could  have  significant 
applications  for  electrically  deformable  ceramics  in  adaptive  structures  and  smart 
systems  where  electrically  driven  distortions  could  be  maximized  in  the  vicinity  of  a 
phase  transformation. 


Another  unusual  type  of  phase  transformation  behavior  was  investigated  where 
a  change  in  oxygen  partial  pressure  (pC>2)  at  constant  temperature  could  induce  a 
structural  change  between  orthorhombic  (LT)  and  tetragonal  (HT)  states  in 
YBa2Cu3C>6+x-  Single  crystals  were  grown  and  observed  in  the  hot-stage  of  an  optical 
microscope.  Changes  in  shape,  twin  structure  and  electrical  properties  were  monitored, 
and  used  to  explain  the  kinetics  of  transformation  between  the  respective  states  in  terms 
of  oxygen  diffusivity,  rate  controlling  activation  energies  and  kinetic  factors.  Elastic 
deformations  were  shown  to  be  dependent  on  oxygen  concentration.  A  viscoelastic 
model  was  developed  to  explain  the  observed  twin  wall  motion  and  switching  behavior 
in  terms  of  a  yield  stress,  twin  wall  viscosity  and  oxygen  mobility.  Novel  features  of 
the  phase  transformation  behavior  relate  oxygen  content  with  elastic  deformations,  and 
these  could  give  rise  to  novel  developments  for  oxygen  sensing  devices  with  mechanical 
actuation  in  fuel  and  combustion  systems. 

c.  Publications  -  D.  A.  Payne 

J.  R.  LaGraff,  P.  D.  Han  and  D.  A.  Payne,  "Electrical  Measurements  Near  the 
Orthorhomic-Tetragonal  Phase  Transformation  in  Single  Crystal  YBa2Cu307-6"  Phvsica 
C_  169:355-360  (1990). 

J.  R.  LaGraff,  P.  D.  Han  and  D.  A.  Payne,  ’Normal  State  Electrical  Measurements 
Near  the  Ferroelastic  Phase  Transition  in  Single  Crystal  YBa2Cu307^f"  Proc.  VII ISAF 
IEEE  Svmp  54-57  (1991). 

J.  R.  LaGraff,  P.  D.  Han  and  D.  A.  Payne,  "Resistance  Measurements  and 
Oxygen  Out-Diffusion  Near  the  Orthorhomic-Tetragonal  Phase  Transformation," 
Physical  Review  B.  43: 441-447  (1991). 

J.  R.  LaGraff,  P.  Han  and  D.  A.  Payne,  "Oxygen  In-Diffusion  and  Out- 
Diffusion  in  Single  Crystal  YBa2Cu307-§,"  Mat.  Res.  Soc.  Symp.  Proc.  209:801-806 
(1991). 


J.  R.  LaGraff  and  D.  A.  Payne,  "Oxygen  Stoichiometry  and  Mobility  Effects  on 
Domain  Wall  Motion  in  Ferroelastic  YBa2Cu307-§,"  Ferroelectrics  130:87-105  (1992). 

P.  Yang  and  D.  A.  Payne,  'Thermal  Stability  of  Field-Forced  and  Field- Assisted 
Antiferroelectric-Ferroelectric  Phase  Transformations  in  PZST,"  T.  Appl.  Phvs..  71:1361- 
1367  (1992). 

J.  R.  LaGraff  and  D.  A.  Payne,  "Chemical  Diffusion  of  Oxygen  in  Single  Crystal 
and  Polycrystalline  YBa2Cu306+x  via  Electrical  Resistance  Measurements,"  Physical 
Review  B.  47:3380-3390  (1993). 


C.  S.  Zha,  A.  G.  Kalinichev,  J.  D.  Bass,  C.  T.  A.  Suchidtal,  and  D.  A.  Payne, 
"Pressure  Dependence  of  the  Optical  Absorption  Edge  of  PbTi03  up  to  35  GPa: 
Observation  of  the  Tetragonal-to-Cubic  Phase  Transition ,"  T.  Appl.  Phvs..  72:3705- 
3707(1992). 

B.  N.  Sun,  Y.  Huang  and  D.  A.  Payne,  "Growth  of  Large  PbTi03  Crystals  by  a 
Self-Flux  Technique,"  T.  Crystal  Growth.  Proc  10th  Int’l  Conf.  on  Crystal  Growth,  San 
Diego,  CA  128:867-870  (1993). 

P.  Yang  and  D.  A.  Payne,  "Shape  Memory  and  Superelastidty  for  Ceramics  with 
Field-Induced  Antiferroelectric-Ferroelectric  Phase  Transformations,"  T.  Am.  Ceram. 
Soc.  (submitted  September  1993). 

J.  R.  LaGraff  and  D.  A.  Payne,  "Concentration- Dependent  Oxygen  Diffusivity  in 
YBa2Cu306+x;  Part  I,  Argon  Annealing  Studies,"  Phvsica  C  212:470-477  (1993). 

J.  R.  LaGraff  and  D.  A.  Payne,  "Concentration-Dependent  Oxygen  Diffusivity  in 
YBa2Cu306+x:  Part  n.  Oxygen  Partial  Pressure  Studies,"  Phvsica  C  212:478-486  (1993). 

J.  R  LaGraff  and  D.  A.  Payne,  "Concentration-Dependent  Oxygen  Diffusivity  in 
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P.  Yang  and  D.  A.  Payne,  "Grain-Size  Dependence  of  Ferroelectric- 
Antiferroelectric  Phase  Transformations  in  Pb(Zr,Sn,Ti)C>3  Dielectrics,"  Cer.  Trans.  32 
347-354  (1993). 

W.  L.  Warren,  B.  A.  Tuttle,  B.  N.  Sun,  Y.  Huang  and  D.  A.  Payne,  "Paramagnetic 
Resonance  of  Platinum  Ions  in  PbTi03  Single  Crystals,"  Appl.  Phvs.  Letts.  62:146-148 
(1993). 
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(1993). 


P.  Yang  and  D.  A.  Payne,  'The  Effect  of  Hydrostatic  Pressure  on 
Antiferroelectric-to-Ferroelectric  Phase  Transformations  in  Pb(Zr,Sn,Ti)03  Ceramics,"  L 
Am.  Ceram.  Soc.  (submitted  October  1993). 

A.  G.  Kalinichev,  J.  D.  Bass,  C.  S.  Zha,  D.  A.  Payne  and  P.  Han,  "Elastic  Properties 
of  Orthorhombic  KNb03  Single  Crystals  by  Brillouin  Scattering,"  T.  Appl.  Phvs.  74:6603- 
6608  (1993). 

P.  Yang  and  D.  A.  Payne,  "Shape  Memory  and  Superelastidty  for  Ceramics  with 
Field  Induced  Antiferroelectric-Ferroelectric  Phase  Transformations,".  Proc.  Int.  Conf. 
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B.  N.  Sun,  Y.  Huang  and  D.  A.  Payne,  "Growth  of  Isometric  Lead  Titanate 
(PbTiC>3)  Crystals  from  High-Temperature  Solutions,"  T.  Crystal  Growth  (submitted, 
February  1994). 

P.  Yang  and  D.  A.  Payne,  "Hydrostatic  Pressure  and  Electric  Field  Effects  on 
Antiferroelectric-to-Ferroelectric  Phase  Transformations  in  Tin-Modified  Lead  Zirconate 
Titanate  Ceramics,"  T.  Appl.  Phvs.  (submitted,  February  1994). 

D.  A.  Payne  and  P.  Yang,  "Microstructure  Dependent  Dielectric  Properties  for 
Ferroelectric  to  Antiferroelectric  Phase  Transformations  in  Tin-Modified  Lead  Zirconate," 
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Y.  Huang,  P.  D.  Han,  D.  A.  Payne  and  D.  Shen,  "Dielectric  Properties  of  Lithium 
Triborate  Crystals,"  T.  Am.  Ceram.  Soc.  (to  be  submitted,  1994). 

Y.  Huang,  P.  D.  Han,  D.  A.  Payne  and  D.  Shen,  "A  Study  of  Proton  Exchange  in 
Single  Crystal  KTiOPC>4  by  FUR  Spectroscopy,"  T.  Appl.  Phvs.  (to  be  submitted,  1994). 

Y.  Huang  and  D.  A.  Payne,  "Crystal  Growth  of  Potassium  Titanyl  Phosphate  by  a 
Floating  Seed  Method,"  T.  Crystal  Growth  (to  be  submitted,  1994). 

Y.  Huang  and  D.  A.  Payne,  "Optical  Spectra  of  Cr^+  Ions  in  Potassium  Titanyl 
Phosphate  KTi0P04,"  Appl.  Phys.  Letts,  (to  be  submitted,  1994). 

Y.  Huang  and  D.  A.  Payne,  "Dielectric  Relaxation  and  Defects  in  Lead  Titanate 
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Electrically  induced  antiferroelectric-ferroelectric  phase  transformations  in  lead- 
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the  American  Ceramic  Society,  Minneapolis,  MN,  April  1992. 
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Padfic  Coast  Regional  Meeting,  American  Ceramic  Society,  Seattle,  WA,October  25, 1990 


Special  Ceramics  9  Meeting,  British  Ceramic  Society,  London,  England,  December  18, 
1990 

Annual  Meeting  of  the  American  Ceramic  Society,  Cincinnati,  OH,  April  28, 1991 
University  of  Pittsburgh,  Pittsburgh,  Pennsylvania,  September  19, 1991 
University  of  Missouri-Rolla,  Rolla,  Missouri,  September  26, 1991 
Cornell  University,  Ithaca,  New  York,  October  3, 1991 

Frontiers  in  Material  Science:  Chemistry  and  Technolog) ,  Rochester,  New  York,  October 
14,1991 

University  of  New  Mexico,  Albuquerque,  New  Mexico,  November  1, 1991 

Materials  Research  Society  Fall  Meeting,  Boston,  Massachusetts,  December  2, 1991 
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Case  Western  University,  Cleveland,  Ohio,  March  31, 1992 

International  Form  on  Fine  Ceramics,  Nagoya,  Japan,  March  12, 1992 

Annual  Meeting  of  the  American  Ceramic  Society,  Minneapolis,  Minnesota,  April  12, 
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International  Academy  of  Ceramics  Forum  '92,  Assisi,  Italy,  June  26, 1992 
University  of  Minnesota,  Minneapolis,  Minnesota,  October  5, 1992 
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Northwestern  University,  Evanston,  Illinois,  October  15, 1992 
American  Ceramic  Society,  San  Francisco,  California,  November  2, 1992 
Queens  University,  Kingston,  Ontario,  Canada,  December  15, 1992 
Annual  Meeting  of  the  American  Ceramic  Society,  Cincinnati,  Ohio,  April  18, 1993 
University  of  Chicago,  Chicago,  Illinois,  May  12, 1993 

Fulrath  Memorial  International  Symposium  on  Advanced  Ceramics,  Tokyo ,  Japan, 
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3rd  IUMRS-ICAM  '93,  International  Conference  on  Advanced  Materials,  Tokyo,  Japan, 
September  3, 1993 

American  Ceramic  Society,  PAC  RIM  Meeting,  Honolulu,  Hawaii,  November  7, 1993 
6th  U.S.-Japan  Seminar  on  Dielectric  and  Piezoelectric  Ceramics,  Maui,  Hawaii, 
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URI  FINAL  REPORT  OF  PROFESSOR  C  M.  WAYMAN 


Professor  Wayman  has  been  recovering  from  a  stroke  since  September 
1993,  so  his  complete  final  report  is  not  available.  However,  some  of  his 
publications  are  listed  below.  It  is  anticipated  that  Professor  Wayman  will 
submit  a  supplement  to  the  cumulative  final  report  when  he  returns  to  the 
Department. 


•  "Cubic  to  Tetragonal  Transformation  in  Lead  Titanate  (PbTiOa)  Single 
Crystals,"  C.  C.  Chou  and  C.  M.  Wayman,  Materials  Trans.  JIM  33[3] 

306-317  (1992). 

•  "Crystallography  of  the  Cubic  to  Tetragonal  Transformation  in  Lead  Titanate 
Single  Crystals,"  C.  C.  Chou,  K.  Wakasa  and  C.  M.  Wayman,  Proc.  Int.  Conf . 
on  Martensitic  Transformations  (ICQMAT  ’92)  695-700  (1992). 

•  "Habit  Plane  Variants  in  Ferroelectric  Lead  Titanate  Crystals:  I.  Theoretical 
Considerations,"  L.  C.  Yang  and  C.  M.  Wayman,  Acta  Metal,  et  Mater., 
submitted. 

•  "Habit  Plane  Variants  in  Ferroelectric  Lead  Titanate  Crystals: 

II.  Experimental  Observations,"  L.  C.  Yang  and  C.  M.  Wayman,  Acta  Metal, 
et  Mater.,  submitted. 

•  "The  Alpha  to  Beta  Transformation  in  Stoichiometric  Nickel  Sulfide,"  B.  Kim, 
C.  C.  Chou  and  C.  M.  Wayman,  Proc.  Int.  on  Martensitic  Transformations 
(ICOMAT  '92)  701-706  (1992). 
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Lead  Titanate  (PbTiCh) 

•  "Growth  of  Large  PbTiC>3  Crystals  by  a  Self-Flux  Technique,"  B.  N.  Sun, 

Y.  Huang  and  D.  A.  Payne,  J.  Cryst.  Growth,  128  867-870  (1993). 

•  "Cubic  to  Tetragonal  Transformation  in  Lead  Titanate  (PbTi03>  Single 
Crystals,"  C.  C.  Chou  and  C.  M.  Wayman,  Materials  Trans.  JIM  33[3] 
306-317(1992). 

•  "Pressure  Dependence  of  Optical  Absorption  in  PbTiOj  to  35  GPA: 
Observation  of  the  Tetragonal-To-Cubic  Phase  Transition,"  C.  S.  Zha, 

A.  G.  Kalinichev,  J.  D.  Bass,  C.T.A.  Suchidtal  and  D.  A.  Payne,  J.  Appl. 

Phys.  72(8)  3705-3707  (1992). 

•  "Paramagnetic  Resonance  of  Platinum  Ions  in  PbTi03  Single  Crystals," 

W.  L.  Warren,  B.  A.  Tuttle,  B.  N.  Sun,  Y.  Huang  and  D.  A.  Payne,  Appl.  Phys. 
Lett.,  62(2)  146-148  (1993). 

•  "Shape  Memory  and  Superelastidty  for  Ceramics  with  Field-Induced 
Antiferroelectric-Ferroelectric  Phase  Transformation,"  P.  Yang  and 

D.  A.  Payne,  Pro c.  Int.  Conf.  on  Martensitic  Transformations  (ICOMAT  ’92) 
719-724  (1993). 

•  "Crystallography  of  the  Cubic  to  Tetragonal  Transformation  in  Lead  Titanate 
Single  Crystals,"  C.  C.  Chou,  K.  Wakasa  and  C.  M.  Wayman,  Proc.  Int.  Conf. 
on  Martensitic  Transformations  (ICOMAT  '92)  695-700  (1992). 

•  "Habit  Plane  Variants  in  Ferroelectric  Lead  Titanate  Crystals:  I.  Theoretical 
Considerations,"  L.  C.  Yang  and  C.  M.  Wayman,  Acta  Metal,  et  Mater., 
submitted. 

•  "Habit  Plane  Variants  in  Ferroelectric  Lead  Titanate  Crystals: 

II.  Experimental  Observations,"  L.  C.  Yang  and  C.  M.  Wayman,  Acta  Metal, 
et  Mater.,  submitted. 

•  "Thermal  Stability  of  Field-Forced  and  Field- Assisted  Antiferroelectric- 
Ferroelectric  Phase  Transformations  in  Pb(Zr,Sn,Ti)03,"  P.  Yang  and 
D.  A.  Payne,  J.  Appl.  Phys.  71(3)  1361-1367  (1992). 


•  "Grain-Size  Dependence  of  Ferroelectric- An tiferroelec trie  Phase 
Transformations  in  Pb(Zr,Sn,Ti)03  Dielectrics/'  P.  Yang  and  D.  A.  Payne, 

Cer.  Trans.,  32  347-354  (1993). 

•  "Electronic  Structure  of  Barium  Utanate  Studies  by  the  Extended  Hiickel 
Tight  Binding  Method,"  M.  Holma,  M.  Kitamura  and  H.  Chen,  J.  Appl.  Phys. 
(1994)  in  press. 

•  "X-ray  Diffuse  Scattering  Study  of  Soft  Modes  in  Paraelectric  BaTiQ}," 

N.  Takesue  and  H.  Chen,  Physical  Review  Letters,  submitted. 

Potassium  Niobate  (KNbCH) 

•  "Elastic  Properties  of  Orthorhombic  KNb03  Single  Crystals  by  Brillouin 
Scattering,"  A.  G.  Kalinichev,  J.  D.  Bass,  C.  S.  Zha,  P.  D.  Han  and  D.  A.  Payne, 
J.  Appl.  Phys.,  74(11)  6603-6608  (1993). 

•  "Pre-Transitional  Behavior  in  Cubic  Potassium  Niobate,"  M.  Holma, 

H.  Hong,  M.  Nelson  and  H.  Chen,  Mat.  Res.  Soc.  Svmp.  Proc.  Vol.  307, 1993. 

•  "Microstructure  and  Phase  Transformation  in  KNb03,"  O.  O.  Popoola  and 
W.  M.  Kriven,  Proc.  51st  Annual  Meeting  of  Microscopy  Society  of  America. 
Publ.  San  Francisco  Press,  pp.  956-957  (1993). 

•  "Linear  Chain  Structure  in  Cubic  KNbC>3,"  M.  Holma  and  H.  Chen.  Abstract 
accepted  for  Int.  Conf.  on  Solid-Solid  Phase  Transformations  in  Inorganic 
Materials,  Pittsburgh,  PA  1994. 

•  "Phase  Transformation  in  Potassium  Niobate  Perovskite  Ceramics,"  O.  O. 
Popoola  and  W.  M.  Kriven.  Abstract  accepted  for  Int.  Conf.  on  Solid  to  Solid 
Phase  Transformations,  Pittsburgh,  PA  1994. 

Dicalcium  Silicate  (Ca2SiO^> 

•  "Phase  Transformations  in  Dicalcium  Silicate:  H  TEM  Studies  of 
Crystallography,  Microstructure  and  Mechanisms,"  Y.  J.  Kim,  I.  Nettleship 
and  W.  M.  Ki-iven,  J.  Amer.  Ceram.  Soc.,  75(9)  2407-2419  (1992). 

•  "Chemical  Preparation  and  Phase  Stability  of  Ca2SiC>4  and  Sr2Si04  Powders," 

I.  Nettleship,  J.  L.  Shull  and  W.  M.  Kriven,  J.  European  Cer.  Soc.,  H  291-298 
(1993). 


•  'Transformation  Mechanisms  in  Dicalcium  and  Distrontium  Orthosilicates," 
Y.  J.  Kim,  J.  L.  Shull,  B.  N.  Sim  and  W.  M.  Kriven,  Proc.  Int.  Conf.  on 
Martensitic  Transformations  (ICOMAT  *92)  683-688  (1992). 
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Growth  of  large  PbTi03  crystals  by  a  self-flux  technique 
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Pure  lead  titanate  (PbTiOj)  crystals  (5x5x5  mm3)  were  grown  from  high-temperature  solutions  by  a  slow  cooling  technique 
using  PbO  as  a  self-flux.  The  optimum  growth  conditions  were  determined  to  be:  (1)  (1  -  x)  TiOz  +  x  PbO  with  x  (in  mol%) 
varying  from  0.78  to  0.82  for  the  starting  compositions,  (2)  930-1050°C  as  the  growth  temperature  range  and  (3)  0.4-1.5°C/h  as  the 
cooling  rates.  Evaporation  of  PbO  was  significantly  reduced  by  use  of  a  double-crucible  technique.  The  grown  crystals  were 
characterized  by  X-ray  diffraction,  chemical  analysis  and  optical  microscopy.  The  transformation  temperatures  (onset)  of  492.5“C 
(on  heating)  and  491.3°C  (on  cooling)  were  determined  by  differential  scanning  calorimetry.  The  transformation  process  had  a 
thermal  hysteresis  of  1.2°C  from  onset  data. 


1.  Introduction 

Lead  titanate  (PbTiOj)  is  a  potential  ferro¬ 
electric  material  with  a  high  Curie  temperature  of 
approximately  490°C  [1-5]  and  a  highly  polar 
structure  (P4mm,  ^(calculated)  =  81  /iC/cm2) 
[3],  and  is  of  considerable  interest  for  potential 
energy  sensing  and  transducing  applications. 
However,  little  is  known  about  the  basic  proper¬ 
ties  of  pure  lead  titanate  due  to  difficulties  en- 
counted  in  the  growth  of  crystals  of  sufficient  size 
for  experimental  measurements,  although  the 
phase  transformation  behavior  was  reported  as 
early  as  1950  [1,6].  The  aim  of  the  present  work  is 
to  investigate  the  best  conditions  for  the  growth 
of  large  single  crystals  of  sufficient  size  for  inelas¬ 
tic  neutron  scattering  measurements. 

Crystal  growth  of  PbTiOj  has  been  attempted 
by  many  workers.  In  most  cases,  small  crystallites 
or  thin  platelets  were  obtained  [7-10].  Thicker 
plates  of  uranium-doped  crystals  were  obtained 
by  Remeika  and  Glass  [11],  Recently,  Suchicital 
and  Payne  succeeded  in  growing  nearly  equidi- 
mensional  crystals  with  an  edge  size  of  3-4  mm 
from  a  KF-based  complex  flux  system  [12,13]. 
However,  the  grown  crystals  contained  a  signifi¬ 
cant  amount  of  impurities  (from  the  flux)  which 


shifted  the  transformation  temperature  to  460°C. 
In  the  present  contribution,  we  describe  a  method 
by  which  large  equidimensional  PbTiOj  crystals 
were  grown  reproducibly  without  the  addition  of 
foreign  impurities. 


2.  Experimental  procedure 

2.1.  Crystal  growth  equipment 

The  crystal  growth  experiments  were  carried 
out  in  a  vertical  tube  furnace  (SiC  heating  ele¬ 
ments)  equipped  with  a  programmable  tempera¬ 
ture  controller.  For  each  growth  run,  a  pure 
platinum  crucible  of  50  ml  capacity  was  placed  on 
a  refractory  support.  Two  Pt/Pt-10%Rh  thermo¬ 
couples,  in  close  contact  with  the  Pt  crucible, 
were  connected  to  the  temperature  controller 
and  the  temperature  monitor,  respectively. 

The  starting  oxides  were  PbO  ( >  99.9%)  and 
TiOz  ( >  99.9%),  both  obtained  from  Aldrich.  Due 
to  the  high  volatility  of  PbO,  a  so-called  double 
crucible  technique  was  used  to  reduce  the  evapo¬ 
ration  of  PbO.  The  platinum  crucible  was  covered 
with  a  closely  fitting  lid  and  buried  in  Ti02  pow¬ 
ders  which  was  in  turn  contained  in  a  second 
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covered  alumina  crucible.  The  weight  loss  inside 
the  Pt  crucible  after  a  growth  run  was  less  than 

1%. 

2.2.  Choice  of  growth  parameters 

For  growth  of  highly  pure  PbTiOj  crystals, 
PbO  was  chosen  as  the  flux.  This  is  due  to  the 
fact  that  PbO  has  been  demonstrated  to  be  a 
suitable  high-temperature  solvent  for  many  ox¬ 
ides  including  perovskites  (see,  e.g.,  refs.  [14-19]). 
In  addition,  PbO  itself  is  a  component  of  PbTi03, 
thus  avoiding  the  incorporation  of  foreign  ions 
into  the  crystal  lattice.  The  system  PbO-Ti02 
was  investigated  by  Eisa  et  al.  [20]  who  deter¬ 
mined  two  eutectic  temperatures,  a  higher  at 
1240°C  with  10%  excess  Ti02  and  a  lower  at 
838°C.  The  lower  eutectic,  situated  at  the  compo¬ 
sition  of  15  mol%  TiOz  +  85  mol%  PbO  is  of 
particular  importance  for  flux  growth  experi¬ 
ments.  The  value  of  838°C  was  taken  as  the 
lowest  limit  for  the  growth  temperature. 

For  a  typical  growth  run,  150  g  of  the  mixture 
(1  -x)  Ti02  +  x  PbO  with  x  (in  mol%)  varying 
from  0.78  to  0.82  were  pressed  into  the  platinum 
crucible.  The  temperature  program  of  the  fur¬ 
nace  was  as  follows:  (i)  heating  from  room  tem¬ 
perature  to  1 100°C  over  6  h;  (ii)  soaking  at  1 100°C 
for  a  period  of  12-20  h;  (iii)  step-cooling  to 
1050°C;  (iv)  slow-cooling  to  930°C  at  a  constant 
rate  of  0.3-1.5°C/h  and  (v)  slow-cooling  to  room 
temperature  in  about  72  h. 


3.  Results  and  discussion 

PbTi03  crystals  grew  mainly  in  the  form  of 
cubes  and  thick  plates.  Shown  in  fig.  1  are  some 
crystals  grown  from  the  starting  composition  80 
mol%  PbO  +  20  mol%  Ti02  with  a  soaking  time 
of  12  h  and  a  cooling  rite  of  0.8°C/h.  A  soaking 
time  of  more  than  10  h  was  necessary  for  com¬ 
plete  dissolution  of  Ti02.  Undissolved  Ti02  par¬ 
ticles  could  act  as  nucleation  centers,  which  might 
dramatically  reduce  the  size  of  grown  crystals. 
Most  crystals  which  were  grown  at  a  slow  cooling 
rate  had  flat  surfaces.  High  cooling  rates  induced 
growth  instability,  which  caused  either  hopper  or 


irrm  m 

Fig.  1.  As-grown  crystals  of  PbTiOj.  The  starting  composition 
was  80  mol%PbO  +  20  mol%  Ti02  and  the  cooling  rate  was 
0.8°C/h.  1  div  -  I  mm. 

dendritic  morphology,  with  internal  cavities  and 
inclusions  within  the  crystals  [19]. 

Crystals  were  separated  from  the  resolidified 
flux  by  a  leaching  process  through  use  of  hot 
acetic  acid  and  were  identified  by  X-ray  analysis. 
Elemental  analysis  by  atomic  absorption  spec¬ 
troscopy  yielded  the  composition:  63.70  wt%  Pb, 
14.95  wt%  Ti  (Pb/Ti  =  0.99),  indicating  that  the 
crystals  were  stoichiometric  within  the  accuracy 
of  the  analytical  method. 

Optical  examination  under  a  polarizing  micro¬ 
scope  revealed  typical  ferroelectric  domains  in 
the  grown  crystals.  An  example  is  shown  in  fig.  2, 
indicating  a-  and  c-type  ferroelectric  domains 
(bright  and  dark  bands  respectively)  in  the  head- 
to-tail  arrangement,  resulting  in  90°  domain  walls 
[21]. 


Fig.  2.  Ferroelectric  domain  patterns  observed  on  a  PbTiO, 
platelet  in  polarized  light,  showing  typical  a-c  domains  which 
intersect  at  90°  domain  walls. 
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Fig.  3.  Differential  scanning  calorimetry  (DSC)  analysis  of 
PbTiO,  crystals,  showing  endothermic  and  exothermic  behav¬ 
ior  on  heating  and  cooling,  respectively. 


X-ray  analysis  on  ponder  samples  confirmed 
the  room  temperature  structure  to  be  tetragonal 
(P4mm)  with  a  =  3.896  A,  c  =  4.158  A,  in  good 
agreement  with  values  in  the  literature  (a  =  3.905 
A,  c  =  4.164  A)  [3-5,9], 

The  high  temperature  phase  transformation 
was  followed  by  differential  scanning  calorimetry 
(DSC).  A  typical  result  is  given  in  fig.  3.  The 
temperature  range  of  interest,  in  the  vicinity  of 
the  phase  transformation  point,  was  a  reversible 
temperature  cycle  between  450  and  550°C  at  a 
rate  of  5°C/min.  An  endotherm  was  observed  at 
495.8°C  on  heating,  with  an  equivalent  exother¬ 
mic  peak  at  488.5°C  on  cooling.  This  behavior 
was  attributed  to  the  tetragonal  -»  cubic  and  cu¬ 
bic  -*  tetragonal  reversible  phase  transforma¬ 
tions,  respectively  [22-24],  The  respective  trans¬ 
formation  temperatures  (onset)  were  found  to  be 
492.5  and  491. 3°C.  The  temperatures  were  in 
good  agreement  with  reported  data  (490°C)  [1-5]. 
The  transformation  to  the  high  temperature  form 
(492.5°C)  required  an  energy  of  1.07  J/g  on  heat¬ 
ing  and  released  1.10  J/g  on  cooling  to  the  low 
temperature  form. 


4.  Conclusion 

Single  crystals  of  PbTiO  3  were  grown  by  a  new 
method  using  a  double  crucible  technique  and 
PbO  as  a  self  flux.  Large  crystals  (5x5x5  mm3). 


suitable  for  inelastic  neutron  scattering  experi¬ 
ments,  were  reproducibly  grown.  The  grown  crys¬ 
tals  had  a  high  purity  and  were  equidimensional 
in  form.  Lattice  parameters  (a  ==  3.896  A,  c  = 
4.158  A)  were  in  good  agreement  with  the  litera¬ 
ture.  The  crystals  transformed  to  the  polar  tetrag¬ 
onal  structure  at  491. 3°C  on  cooling. 
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Cubic  to  Tetragonal  Martensitic  Transformation 

in  Lead  Titanate  (PbTi03)  Single  Crystals  v 

C.  C.  Chou*  and  C.  M.  Wayman* 

The  cubic  to  tetragonal  (C/T)  phase  transformation  in  PbTiOj  single  crystals  has  been  studied  in  both  the  forward 
and  reverse  modes  and  found  to  show  martensitic  characteristics.  Microstructural  features  were  investigated  by  heating 
stage  optical  microscopy,  and  room  temperature  transmission  electron  microscopy.  During  transformation,  a  small 
hysteresis  is  involved.  The  phase  front  passes  swiftly  through  the  crystal  and  surface  relief  accompanying  the  transforma¬ 
tion  is  seen.  The  twinning  system  involved  was  identified  as  a  compound  twin  in  the  tetragonal  phase  with  K,=  1 1 10), 

»/,=<TlO>,  K2=  (IlO),  and  ^2=<I  I0>.  The  phase  boundaries  (habit  planes)  were  frozen  by  controlling  the  temperature  vf 

profile.  It  is  found  that  the  habit  planes  vary  within  a  certain  range.  Not  only  different  specimens  show  this  real  varia- 
tion,  but  also  the  same  specimen  under  different  transformations  follows  this,  indicating  the  importance  of  local  ar¬ 
rangements  near  the  habit  plane  interfaces.  Theoretical  predictions,  with  only  a  minute  change  of  lattice  parameters, 
show  that  experimental  data  appear  to  fit  calculated  results  fairly  well,  if  one  considers  interfacial  conditions.  The  results 
show  a  certain  degree  of  consistency,  which  implies  that  the  martensitic  phenomenological  crystallographic  theory  ap-  ~  ■' 

plies.  Discussions  on  the  microstructural  features  as  well  as  previous  work  on  perovskite  materials  are  presented. 

(Received  October  28.  1991) 
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I.  Introduction 

Martensite  was  originally  used  to  designate  the  hard 
microconstituent  found  in  quenched  steels.  Since  then, 
other  materials  have  been  found  to  exhibit  the  same  type 
of  solid  state  phase  transformation,  known  as  a  mar¬ 
tensitic  transformation.  The  most  distinct  feature  of  a 
martensitic  transformation  is  its  crystallographic  char¬ 
acteristics,  which  imply  a  “military”  (as  opposed  to 
“civilian”)  mode  of  atomic  transfer  from  the  parent  to 
the  product  phase01.  These  transformations  feature  a 
coordinated  structural  change  involving  a  lattice  cor¬ 
respondence  and  a  planar  semicoherent  parent-product 
interface  which,  during  transformation  movement,  pro¬ 
duces  an  invariant  plane  strain  shape  deformation. 
Microstructural  inhomogeneities  on  a  fine  scale  during 
a  martensitic  reaction— slip,  twinning,  or  faulting— are 
usually  observed  at  the  electron  microscope  scale.  This 
secondary  deformation  provides  the  invariant  plane 
condition  at  the  macroscopic  scale  and  maintains  a 
semicoherent  glissile  interface  between  the  martensite 
and  the  parent  phase. 

The  phenomenological  crystallographic  theory  of 
martensitic  transformations'^4'  is  well  established,  and 
has  been  applied  successfully  to  many  metallic  alloy 
systems'5*''7',  and  more  recently  to  ceramics  and  other 
systems'".  It  has  been  reported  that  the  Wechsler- 
Liebcrman-Read  (WLR)  theory  can  be  applied  to  the 
cubic-tetragonal  phase  transition  of  semiconducting 
perovskite-type  crystals'",  which  have  sufficient  free 


•  Department  of  Materials  Science  and  Engineering,  University  of 
Illinois  at  Urbana-Champaign,  Urbana,  Illinois  61801,  USA. 


charge  available  to  provide  a  termination  for  the  sponta¬ 
neous  polarization  at  the  interface.  On  the  other  hand, 
crystals  with  high  resistivity,  though  showing  sharp  first 
order  phase  boundaries,  apparently  do  not  follow  theo¬ 
retical  predictions'10*"".  In  their  interpretation,  the  reason 
for  this  is  that  the  free  charges  present  in  (semi-)conduct- 
ing  crystals  neutralize  the  bound  polarization  charges 
inside  the  crystal.  Whereas  in  highly  insulating  crystals, 
the  absence  of  free  charges  imposes  the  restriction  that 
phase  boundaries  be  free  of  any  exess  polarization  charge. 
The  accumulated  polarization  charge  at  a  phase  bound¬ 
ary  results  in  stored  electrical  energy  which  dominates 
the  crystallographic  characteristics  once  it  prevails. 
However,  the  evidence  here  is  thin  because  no  other 
crystallographic  data  were  used  other  than  very  limited 
habit  plane  data.  • 

Lead  titanate  has  a  ferroelectric  phase  transition  tem¬ 
perature,  rc,  near  500oC"2)"3’.  PbTiOj  is  cubic  above  Tc 
and  exhibits  a  strong  tetragonal  distortion  at  20°C: 
c/ a— 1.06  which  persists  up  to  Tc  (c/a=  1.01  )"4X’5'.  The 
lattice  constant  a  increases  smoothly  upon  heating,  while 
the  constants  c  and  c/a  decrease.  At  7C,  the  lattice  con¬ 
stants  c  and  a  change  abruptly  and  the  structure  becomes 
cubic.  Since  the  volume  of  the  unit  cell  decreases  sharply 
as  a  result  of  this  transition,  the  linear  expansion 
coefficient  of  a  polycrystalline  sample  is  negative  below 
r."2H,5».  The  transformation  is  first  order"0'.  PbTiOj 
single  crystals  present  a  highly  polar  structure  with  very 
high  spontaneous  polarization  in  the  perovskite 
family"2*"3*"6’.  Because  of  its  large  tetragonality  and 
detectable  negative  volume  change  near  7V,  PbTiOj  pr°* 
vides  a  more  sensitve  indication  of  the  role  of  lattice  varia¬ 
tion  during  transformation.  In  the  present  experiments, 
we  study  microstructural  features  to  understand  basic 
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Cr)i:.tll°graphic  characteristics  in  this  material, 
present  a  real  scatter  of  the  habit  plane,  and  verify  the 
appphcability  of  the  phenomenological  crystallographic 
theory  to  this  perovskite  system. 

II.  Experimental  Procedure 

PbTiOj  crystals  were  grown07*  by  slow  cooling  from  a 
flux,  containing  KF,  Pbj04,  PbFj,  KBF4,  and  Ti02,  at  a 
temperature  below  the  transformation  temperature  in  a 
50  cm3  platinum  crucible.  A  vertical  tube  furnace  with 
sealed-end  quartz  tube  was  programmed  to  give  a  con¬ 
trolled  cooling  rate  to  below  300°C.  Crystal  growth  pro¬ 
ceeds  in  an  oxygen  atmosphere  and  at  a  very  slow  cooling 
rate.  The  as-grown  crystals  were  mostly  cubic  in  shape  or 
elongated  cubic  or  orthogonal  forms.  After  washing  in 
hot  concentrated  acetic  acid,  in  order  to  dissolve  any  at¬ 
tached  solidified  flux,  and  polishing  with  A12Oj  powders 
of  various  sizes,  the  crystals  show  a  transparent  amber 
tint. 

Transformation  characteristics  were  studied  using 
heating  stage  optical  microscopy  and  conventional 
transmission  electron  microscopy  at  room  temperature. 
Specimens  for  optical  microscopy  were  ground  by  hand 
to  a  thickness  about  80  fim  or  less  and  polished  using 
AIjO;  powder.  Some  coarser  scratches  were  intentionally 
retained  as  fiducial  lines.  In  situ  transformation  ex¬ 
periments  were  performed  using  heating  stage  optical 
microscopy.  The  specimens  used  were  high  quality  crys¬ 
tals  with  sharp  flat  {100}  surfaces  and  the  microscope 
used  was  a  Nikon  UM-2.  The  specimens  were  investigated 
using  polarized  light  and  put  in  a  heating  stage  which 
was  designed  to  be  able  to  control  the  temperature 
profile  quickly  and  to  “freeze”  phase  boundaries. 
TEM  specimens  were  hand  ground  and  then  treated  by  a 
commercial  dimpling  machine  down  to  lOj/m.  An  ion 
miller  was  employed  at  6  kV,  0.5  mA,  each  gun  with 
tilting  angle  at  18°  for  further  thinning.  After  perfora¬ 
tion,  the  specimens  were  further  ion  bombarded  at  reduc¬ 
ed  voltage  and  tilting  angle  for  several  minutes.  TEM 
investigations  were  conducted  using  a  Hitachi  H800 
microscope  at  200  kV  with  a  double-tilt  specimen  holder. 

III.  Results 

The  results  obtained  can  be  divided  into  two  major 
parts:  experimental  determination  of  crystallographic 
characteristics,  and  theoretical  calculations. 

1.  Crystallographic  characteristics 

The  single  crystals  used  show  lower  transformation 
temperatures  than  those  previously  reported0210”.  The 
crystals  used  have  transformation  temperatures  shown  in 
Table  1 .  The  reduction  of  7",  may  be  caused  by  solid  solu¬ 
tion  of  multi-elements  during  crystal  growth.  The 
resistance  of  the  crystals  measured  is  as  high  as 
l.Ox  10'* Q/cm2  or  more07*.  Surface  relief  of  the 
tetragonal  phase  is  often  seen  in  as  grown  crystals  and/or 
crystals  after  C/T  transformation.  A  typical  example  is 


Table  1  Transformation  temperatures  of  PbTiOj  specimens  studied. 


Specimen  No. 

CC) 

A,  CO 

1 

451 

460 

2 

450 

455 

3 

451 

455 

4 

455 

462 

5 

453 

457 

6 

450 

454 

7 

455 

460 

shown  in  Fig.  1.  Surface  relief  forms  along  two  direc¬ 
tions  which  are  closely  related  to  two  variants  shown  in 
this  orientation.  Surface  tilting  is  clearly  observed  as 
black  and  bright  patches  by  appropriately  adjusting  the 
specimen  position  and  orientation.  Note  that  interfaces 
between  variants  are  not  exactly  parallel,  indicating  a 
possible  variation  of  habit  plane  trace  during  phase 
transformation. 

Figure  2(a)  shows  PbTiOj  lattice  parameters  as  a  func¬ 
tion  of  temperature07*.  At  room  temperature,  the  crystal 
is  tetragonal  showing  lattice  parameters  0=0.39029  nm 
and  c=0.41344nm  and  the  values  of  0=0.3961  nm, 
c=0.4012nm  and  Oo=0.3972nm  apply  at  rc°7’.  Again, 
the  tetragonality  is  a  little  smaller  than  that  reported  in 
previous  work02*14*.  Figure  2(b)  shows  the  PbTiOj 
volume  change  as  a  function  of  temperature07*.  Note  the 
negative  slope  and  rapid  increase  (and  then  decrease)7  of 
volume  change  below  rc  as  the  temperature  decreases,  in¬ 
dicating  an  intriguing  lattice  structure  variation,  as  dis¬ 
cussed  later. 

The  inhomogeneous  shear  was  introduced  as  internal 
twins  in  the  tetragonal  phase.  A  ferroelectric  material  has 
regions  where  the  magnitude  and  direction  of  the 
polarization  are  the  same  in  each  region,  though  the 
polarization  may  differ  in  orientation  in  neighboring 
regions.  These  regions  are  known  as  ferroelectric  do¬ 
mains  which  are  separated  by  domain  boundaries.  From 
symmetry,  there  are  two  types  of  domain  boundaries  in 
PbTiOj,  that  is,  90°  and  180°  boundaries.  The  angles 
refer  to  the  angle  between  the  domain  polarization  vec¬ 
tors  on  either  side  of  the  boundary.  From  a  [100]  orienta¬ 
tion  two  different  morphologies  of  90°  domain  bound¬ 
aries  are  usually  seen.  One  is  straight  with  sharp  images, 
and  the  other  shows  wavy  morphology  and  fringe  con¬ 
trast,  as  shown  in  Fig.  3(a)  and  (b)  respectively.  The 
sharp  boundaries  are  termed  a-a  type  domain  bound¬ 
aries,  because  the  polarization  vectors  in  two  adjacent 
domains  are  all  perpendicular  to  the  viewing  direction 
and  the  o-axis  in  each  domain  points  to  the  viewing  di¬ 
rection.  On  the  other  hand,  the  fringed  boundaries  are 
inclined  to  the  viewing  direction  and  the  polarization 


7  The  present  X-ray  data  show  slightly  different  characteristics  from 
those  in  previous  work  (Ref.  (12)),  which  may  be  due  to  impurities 
in  the  crystals.  Since  we  use  the  crystals  from  Ref.  (17),  the  corre¬ 
sponding  X-ray  data  were  adopted.  The  impurity  effect  may  in¬ 
fluence  the  characteristic  values  of  a  phase  transformation,  such  as 
Tx.  tetragonality,  etc.,  but  is  believed  not  to  affect  its  nature. 
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\  :g.  !  Optical  micrograph  showing  surface  relief  of  tetragonal  phase 
in  an  as-grown  PbTiOj  single  crystal.  Similar  features  can  be  ob- 
serud  after  other  C/T  transformations.  Note  that  interfaces  are  not 
<■>,.  ily  parallel. 


(b) 

f  ig  2  X-tiy  data  showing  (a)  lattice  parameters;  (fel_vnlt  cell  volume 
'•I  Phi  if),  as  a  function  of  temperature. 


Fig.  3  Electron  micrographs  showing  90“  domain  boundaries,  (a)  a-« 
domain  boundaries;  (b)  a-a  domain  boundaries. 


vectors  in  two  adjacent  domains  are  alternatively  parallel 
to  or  perpendicular  to  the  viewing  direction.  The  fl-axis 
and  c-axis  point  to  the  viewing  direction  and  hence  the 
domain  boundaries  are  called  a-c  type.  Actually,  from* 
crystallographic  viewpoint,  a  90°  domain  boundary  is* 
twinning  plane  between  two  adjacent  domains.  For  a-*' 
domains,  this  is  readily  seen,  as  shown  in  Fig.  4(a).  The 
symmetrically  distributed  diffraction  reflections  imply 
that  the  two  adjacent  domains  are  twin-related.  Diffrac¬ 
tion  patterns  as  shown  in  Fig.  4(b)  were  derived  by  tilting 
a-c  type  domain  boundaries  from  a  |100)  zone  to  a  1111] 
zone.  Again,  a  twinning  relation  was  derived  from  the 
symmetrical  distribution  of  diffraction  reflections.  In 
both  cases,  the  twinning  planes,  Ki,  arc  {110}  type 
planes.  The  corresponding  schematic  models  showing 
atomic  arrangements  are  in  Fig.  4(c)  and  (d).  Figure  4(e) 
clearly  shows  that  the  twinning  direction,  r/t,  Is  along  • 
<1 10)  type  direction  due  to  the  tetragonal  distortion  dur¬ 
ing  transformation.  The  invariant  plane,  K>,  is  the  {TlOl 
plane  which  is  the  other  diagonal  plnne  of  the  tetragonal 
cell.  Figure  4(d)  is  more  complex,  but  can  be  immediate!? 


Cubic  to  Tetragonal  Martensitic  Tiansioimaiion  in  Lc.icl  Titanatc  (I'bliCd  Single  Crystals 


30SI 


(D) 


ll  101 


■C'  >11011 
^►loiTi 


region  I  atom 
position 


region  II  before 
twinning 

raniAfi  11  aftar 


|  shear  direction 


Fig.  4  (a)  Diffraction  pattern  taken  from  a  1100],  orientation  showing  a-a  type  domain  arrangements;  two  adjacent  domains 
are  twin  related;  (b)  diffraction  pattern  derived  by  tilting  an  a-c  domain  to  a  [111]  orientation  and  corresponding 
stereographic  projection  showing  the  twinning  relation;  (c)  corresponding  atomic  model  describing  the  tuinnig  relation  for 
(a);  (d)  schematic  model  showing  atomic  arrangements  corresponding  to  (b). 


realized  by  studying  the  stereographic  projection  in  (b). 
The  result  of  the  twinning  system  is  the  same  as  that 
derived  from  Fig.  4(c).  Therefore  the  elements  for  the 
twinning  system  in  PbTiOj  crystals  are  determined.  The 
twinning  magnitude  can  also  be  determined  from  split¬ 
ting  in  the  diffraction  pattern.  Fig.  4(a),  or  from  X-ray 
data.  The  results  are  shown  in  Table  2.  It  is  found  that 
this  is  a  compound  twinning  system1.  The  result  can  be 
seen  in  a  stereographic  projection,  Fig.  5. 

Phase  transformation  characteristics  were  partly  deriv¬ 
ed  by  heating  stage  optical  microscopy.  Figure  6(a)  shows 
a  single  interface  type  phase  transformation.  This  is  a 
typical  habit  plane  (or  phase  boundary)  in  a  PbTiOj 
crystal  during  transformation  as  seen  using  polarized 
light.  The  phase  boundary  is  sharp  and  straight  with  an 
angle  about  30°  to  a  [010]  direction.  This  sharp  bound¬ 
ary  implies  that  the  boundary  is  almost  in  an  edge-on 
position.  One  can  easily  distinguish  the  cubic  phase  by 


1  "'hen  K,  is  a  raiional  plane  and  r/;  a  rational  direction,  this  is  twin¬ 
ning  of  the  first  kind;  when  K;  is  a  rational  plane  and  a  rational 
direction,  this  is  a  twin  of  the  second  kind;  when  all  four  elements 
K,,  K.,  r/,  and  q.  arc  rational,  the  twin  is  compound. 


Fig.  5  1001]  stenographic  projection  showing  the  relation  between 
tw  inning  elements  for  I’bTiO,  tetragonal  phase. 
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Fig.  6  Optical  micrographs  using  polarized  light  showing  (a)  a  sharp  single  C/T  phase  boundary  during  transformation,  mak¬ 
ing  an  angle  about  30°  from  a  ( 100}  plane;  (b)  the  same  specimen  rotated  to  a  position  where  the  cubic  phase  becomes  ex¬ 
tinct;  (c)  double  C/T  phase  boundaries  during  transformation,  showing  distorted  region  at  phase  front  intersection  and 
non-uniform  contrast  distribution  in  the  tetragonal  phase;  (d)  a  habit  plane  affected  by  microstructural  inhomogeneity 
which  is  in  the  form  of  a-a  type  domains;  (c)  another  single  C/T  phase  boundary  in  a  different  specimen,  making  an  angle 
of  about  35°  front  a  (100)  plane. 


Table  2  Twinning  elements  in  PbTiO,  tetragonal  phase. 


Room  temp 

T, 


rotating  the  crystal.  The  cubic  phase  becomes  extinct 
because  of  isotropy.  Fig.  6(b).  One  notices  that  t he  con¬ 
trast  near  the  boundary  is  dillercnt  from  regions  fart  her 
away,  indicating  that  a  local  distortion  exists.  This 
distorted  region  appears  to  vary  case  by  case.  For  in¬ 
stance,  the  intersection  of  two  interfaces  shows  a  broader 


contrast  region;  the  contrast  near  the  specimen  center 
may  be  different  from  that  of  the  edge.  Figure  6(c)  shows 
a  two-interface  type  phase  transformation  where  the  two 
interfaces  arc  not  symmetrically  distributed  along  a  (010) 
plane.  The  angles  between  the  two  interfaces  and  the 
(010)  plane  arc  38.5°  and  35.7°  respectively.  It  is  clear 
that  at  the  intersection  of  the  two  phase  fronts  a  distorted 
region  with  different  contrast  is  generated,  and  this 
changes  the  original  habit  plane  configuration.  In  the 
tetragonal  region,  one  sees  a  non-uniform  contrast 
distribution,  indicating  birefringence  variation  which  is 
closely  related  to  the  lattice  parameter  variation.  We 
point  out  that  brighter  patches  sometime  show  up  in  the 
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cubic  rft'ion  before  the  habit  plane  approaches  it,  sug¬ 
gesting  >ome  local  perturbation  in  the  crystal.  Figure  6(d) 
shows  a  typical  situation  where  the  habit  plane  may  be 
affected  by  microstructural  inhomogeneity,  as  indicated, 
a-a  type  domains  form  at  this  region  which  show  45° 
stripes  from  a  { 100}  plane.  The  habit  plane  is  bent  when 
it  reaches  this  region.  Similarly,  a  habit  plane  may  be 
influenced  by  other  factors,  such  as  temperature  in¬ 
homogeneity,  impurity  effects  etc.,  which  may  substan¬ 
tially  change  the  habit  plane  orientation  during  transfor¬ 
mation.  Other  single  crystals  were  also  used  to  measure 
the  habit  planes.  We  found  that  the  habit  plane  appears 
to  vary  from  crystal  to  crystal.  Fig.  6(e);  more  interesting¬ 
ly,  the  same  crystal  may  show  a  habit  plane  a  little 
deviated  from  a  previous  one  or  even  a  little  change  in 
orientation  during  phase  front  movement.  All  the  angles 
from  a  {100}  plane  to  the  habit  planes  were  measured 
and  the  results  are  collected  in  Table  3. 

Because  of  the  difficulty  of  performing  two  surface 
analysis  of  the  habit  plane  in  this  case,  we  used  another 
method  to  derive  three  dimensional  information.  In 
some  transformations,  the  traces  of  phase  boundaries  are 
parallel  to  { 100}  planes  or  with  several  degrees  deviation, 
shown  in  Fig.  7.  These  boundaries  often  show  inclined 
features,  i.e.,  the  boundaries  show  a  bright  color  at  their 
edges  under  polarized  light  as  indicated.  From  such  bound¬ 
aries,  we  derive  the  distribution  of  the  third  direction 
cosine,  and  accordingly  the  largest  angle  from  a  {100} 
plane  is  not  more  than  5°,  and  most  are  within  2°. 
Therefore,  we  are  able  to  construct  the  distribution  of 
the  habit  planes.  The  results  are  shown  in  Fig.  8.  It  is 
clear  that  the  habit  plane  during  transformation  scatters 
around  a  range. 

To  determine  the  shape  strain,  the  scratch  displace¬ 
ment  technique  is  ordinarily  used"*K19).  However  the 
displacements  in  the  present  case  are  extremely  small, 
Fig.  9.  Straight  fiducial  lines  were  not  seen  bent  across 
the  boundary,  indicating  a  very  small  shape  strain  during 
transformation. 

2.  Theoretical  calculations 

The  crystallography  of  the  cubic  to  tetragonal  phase 
transformation  was  analyzed  using  phenomenological 
crystallographic  theory  formulated  by  Bowles  and 
Mackenzie'3’,  but  treatments  of  Wechsler-Lieberman- 
Read':i  and  Bullough-Bilby'20’  are  equivalent.  A  computer 
program  based  upon  the  Bowles-Mackenzie  formula- 
tion'21’  was  used  in  this  work. 

The  fundamental  basis  of  the  phenomenological 
theories  is  the  experimental  observation  that  the  transfor¬ 
mation  is  macroscopically  a  homogeneous  distortion  in 
which  the  habit  plane  between  the  parent  and  martensite 
crystals  is  both  undistorted  and  unrotated.  Upon  the 
requirement  that  the  martensitic  transformation  is  ob¬ 
served  as  an  invariant  plane  strain,  the  theory  also  incor¬ 
porates  a  lattice  invariant  shear,  and  a  rotation  with  the 
Bain  (structural)  distortion  to  derive  a  final  invariant 
plane  strain.  The  basic  equation  of  the  phenomeno¬ 
logical  theories  can  be  expressed  as 


Table  3  Angles  of  habit  planes  (during  transformation)  front 
planes. 


Specimen  No. 


Angle 


Angle  2 


1-1 

59.3 

30/7 

1-2 

60.3 

29.7 

2-1 

55.0 

35.0 

56.0 

34.0  :  - 

2-2* 

51.0  (53.0) 

39.0  (37A 

3-1 

57.0 

33.0 

3-2** 

51.5 

38.5 

54.3 

35.7 

3-3 

50.5 

39.5  ‘ 

4-1 

55.0 

35.0 

4-2 

55.0 

35.0  4 

4-3 

57.0 

33.0 

5-1 

56.0 

34.0 

57.0 

33.0 

5-2 

58.8 

3i.2 

6-1 

65.0 

25.0 

63.0 

27.0 

6-2* 

50.0  (57.0) 

40.0(33.0) 

55.0 

35.0 

6-3 

61.0 

29.0  -*>: 

63.0 

27.0 

58.5 

31.5 

7-1*** 

58.0 

32.0 

*  Curved  interface 

**  Two  phase  fronts  _ . 

***  Some  phase  front  traces  nearly  parallel  to  1 100}  type  planes, at 
discussed  in  the  text. 


P,  =  RBP2  (1) 

where  Pi,  is  the  shape  deformation,  and  P2,  B  and  R 
represent  the  lattice  invariant  shear,  the  Bain  distortion 
and  the  rigid  body  rotation,  respectively.  Since  both  Pi 
and  P2  are  invariant  plane  strains,  they  can  be 
represented  as; 

Pi=I  +  ff?idjPj'  (2) 


where  I  is  the  unit  matrix,  m s  is  the  magnitude  of  the 
displacement,  dj  is  a  unit  column  vector  in  the  direction 
of  the  displacement,  and  p'  is  a  unit  row  vector  repre¬ 
senting  the  normal  to  the  invariant  plane. 

Bowles  and  Mackenzie  utilized  an  equivalent  expr«\ 
sion  to  eq.  (1) 

P,P2-’  =  RB=S  (3) 

where  the  matrix  S,  the  resultant  of  two  invariant  plane 
strains,  is  an  invariant  line  strain.  -:‘V 

From  the  experimental  lattice  parameters  of  the  parent 
and  martensite  phases  and  the  assumed  Bain  (lattice) 
correspondence,  the  principal  distortions  and  thus  the 
matrix  B  are  determined.  Invariant  lines  and  invariant 
normals  are  calculated  from  B,  and  their  combinations 
applied  with  the  appropriate  rigid  body  rotations  R  gn*,; 
four  invariant  planes.  The  rigid  body  rotation  matrix  ur,' 
put  undistorted  lines  and  normals  into  their  original  posiv 
lions  is  given  by  Euler’s  theorem.  Once  S=RB  is  deter¬ 
mined,  Pi  and  P2  can  be  determined  from  eq.  (3)  and  the 
assumed  (or  known)  p2  and  d2! 
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Fig.  7  Optical  micrographs  using  polarized  light  showing  (a)  phase  boundary  spikes  nearly  parallel  to  a  (100)  plane;  during 
transformation,  these  spikes  nucleate  from  the  lower  part  and  extend  to  the  whole  specimen;  (b)  rectangular  shaped  phase 
boundary  formed  during  C/T  transformation.  Note  that  these  boundaries  arc  nearly  parallel  to  )  100)  planes  or  with  only 
scscral  degrees  deviation. 


In  the  present  case,  we  assume  transformation  occurs 
from  cubic  to  tetragonal  structures.  The  lattice  cor¬ 
respondences  and  lattice  invariant  shear  systems  in 
PbTiO-.  are  listed  in  Tables  4  and  5.  Since  we  know  that 
PbTiO,  has  a  negative  linear  expansion  coefficient 
(therefore  negative  volume  change)  below  7V,  and  the  lat¬ 
tice  parameter  c  decreases  and  a  increases  as  the  tempera¬ 
ture  increases,  we  can  derive 

(a  l  a„)'(c/  ali)>  1,  when  C— T  (4) 

That  is,  the  increasing  rate  of  c/a{)  is  greater  than  that  of 
(°/oii):.  Considering  the  lattice  parameters  of  PbTiO.i 
carefully,  one  realizes  that  the  "lattice  parameters  at  Tc ” 
derived  by  X-ray  may  be  different  from  those  when 


transformation  actually  occurs,  since  the  transformation 
occurs  swiftly  and  the  nature  of  X-ray  measurements  is 
not  really  “on-time”.  We  need  to  consider  the  local  lat¬ 
tice  conditions,  such  as:  real  lattice  parameters  when 
transformation  occurs,  lattice  perturbations,  tempera¬ 
ture  inhomogeneity,  etc.  However,  we  do  not  know  the 
“real”  conditions  around  the  habit  plane  at  transforma¬ 
tion,  but  can  estimate  the  principal  strains  as  follows. 
Based  upon  the  lattice  constants  mentioned  before  and 
the  relation  shown  in  eq.  (4),  we  calculate  possible  habit 
planes  by  holding  r]u  constant  (t7n  =  f7::)  and  varying  rj ». 
The  ranges  of  rju  and  t]\\  are:  1  >  t]u  >  0.994949  and 
1  <  t]u  <  1 .012626.  We  find  that  the  habit  plane  shows  the 
same  tendency  for  each  set  of  r/u  and  rjyy.  That  is,  the 
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Fig.  8  Experimental  and  calculated  habit  plane  distribution  shown  in 
stereographic  projection. 

habit  plane  scatters  linearly  over  a  range,  and  is  very  sen¬ 
sitive  to  the  relative  values  of  O/jj—  l)/(»7n  —  1).  i-C-.  the 
principal  strains.  Moreover,  if  tin  is  different  from  tin 
when  transformation  occurs,  the  habit  plane  normal  may 
deviate  sideways  from  the  {001 }— {01 1 }  zone  which  ex¬ 
plains  the  lateral  scatter  of  experimental  data  seen  in  Fig. 
8.  We  sumarize  a  set  of  calculations  using  lattice  cor¬ 
respondence  1  and  lattice  invariant  shear  system  (101) 


.  M.  Wayman 


Table  4  Lattice  correspondence  (LC)  and  transformation  matrix 
cubic  and  tetragonal  phases  of  PbTiO,.* 


010  010  oio 

0  0  1  0  0  1  0  0  | 


II  1  0  0  0  1  0  oo  | 

0  1  0  0  0  1  1  00 

0  0  1  1  0  0  0  1  0 

III  1  0  0  0  0  1  0  10 

0  1  0  10  0  0  0  | 
001  010  100 

IV  1  0  0  0  1  0  0  1  0 

0  1  0  1  0  0  1  0  0- 

001  ool  ool 

V  100  100  100 

0  1  0  0  0  I  0  0| 

0  0  1  0  1  0  0  1  o. 


VI  1  0  0  0  0  1  0  0  1  l 

010  010  010" 

0  0  1  1  0  0  1  oo' 


[Toi]  to  show  the  general  characteristics  of  the  calculated' 
crystallography,  as  listed  in  Table  6.  The  calculated  habit 
plane  varies  within  a  range  similar  to  that  observed  in  the 
experiments  if  we  input  reasonable  values  of  principal 
distortions  based  upon  available  lattice  parameters  and 
take  into  account  a  possible  local  lattice  perturbation. 
Similar  scatter  characteristics  can  also  be  derived  by 
varying  a  dilatational  parameter,  <5,J\  which  describes  a 
uniform  lattice  distortion  at  the  boundary  as  discussed 

*v 


Fig.  9  Optical  micrograph  showing  fiducial  lines  across  a  phase  boundary.  The  fiducial  lines  appear  not  to  be  bent 
due  to  the  very  small  transformation  shape  strain. 
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Table  5  Lattice  invariant  shear  systems  employed  for  PbTiO,. 

LCI  (lOl)lIOll  LC  II  (Oll)IOlI]  LC  III  (IIO)llTO) 

(it'l)lTOI)  O10)(Tl0]  (lOI)llOl] 

tOlDIOil]  (OlI)lOll)  (UO)lllOj 

(011)1011)  (1 10)1 110]  (10l)[IOI) 

LC  IV  ()Ol)|ToI)  LC  V  <1  JO)lTT0]  LC  VI  (IiO)lTIoj 

(ToT)tioI]  (Oii)ioTT]  (Toi)iToTj 

(Oil)iolll  (TTo)iiiO]  (TJo)iJiO) 

(0TT)|0iI]  (0TI)[0ll)  (ToT)|Toi] 


Table  6  Effect  of  principal  distortion  values  on  the  results  of 
crystallographic  analysis  (LCI-1). 


Ill 

0.998317 

1.004209 

0.998317 

1.005261 

0.998317 

1.006313 

0.998317 

1.007365 

0.998317 

1.009470 

Solution  1 

V-V0 

0.000652 

0.001880 

0.002929 

0.003977 

0.006075 

m, 

0.004022 

0.005252 

0.006302 

0.007353 

0.009454 

Pi 

-.762924 

-.824731 

-.856502 

-.878487 

-.907004 

-.646485 

-.565521 

-.516140 

-.477761 

-.421117 

0.002263 

0.002090 

0.002053 

0.001956 

0.001945 

di 

-.761653 

-.823282 

-.855040 

-.877020 

-.905487 

0.647981 

0.567630 

0.518559 

0.480451 

0.424370 

0.002176 

0.002026 

0.001906 

0.001900 

0.001773 

Angle 

from 

40.3° 

34.4° 

31.1° 

28.5° 

24.9° 

1010] 

later.  The  calculated  shape  strain  magnitude  m,  is  about 
one  tenth  to  one  twentieth  that  in  ferrous  martensitic 
transformations.  This  is  the  reason  why  we  can  hardly 
see  any  obvious  bending  of  fiducial  lines.  It  is  seen  that 
the  theoretical  calculations  appear  to  fit  experimental 
results  quite  well  if  we  consider  the  interfacial  properties 
of  the  habit  plane.  A  more  complete  set  of  calculations 
will  be  published  elsewhere. 


the  precise  orientation  relationship  between  the  two  jj 
phases  is  not  determined  quantitatively  in  the  present  ex-  j 
periments,  the  relationship  between  the  principal  axes  in  I 
both  phases  is  easily  derived.  That  is,  the  three  or-  ! 
thogonal  axes  in  the  cubic  phase  are  essentially  parallel  to 
certain  orthogonal  axes  in  the  tetragonal  phase.  All  the 
above  crystallographic  features  fall  within  the  classifica¬ 
tion  scheme  for  martensitic  transformations""23’. 

During  the  cubic  to  tetragonal  transformation  in 
PbTiOj,  several  features  were  observed.  Most  significant¬ 
ly,  some  of  the  cubic-tetragonal  interfaces  (or  habit 
plane)  show  sharp,  straight  first  order  phase  boundaries 
which  scatter  within  a  certain  range,  and  some  show 
bright  and  broader  edges.  If  we  consider  this  using  a 
three  dimensional  construction,  as  shown  in  Fig.  10,  the 
morphology  of  the  habit  plane  depends  on  the  viewing 
direction.  For  instance,  viewing  from  direction  c,  a  sharp 
interface  can  be  seen;  from  direction  a,  a  broad  interface 
appears;  on  the  other  hand,  one  may  not  see  any  phase 
boundary  or  only  some  faint  feature  from  direction  b. 
Boundaries  shown  in  Fig.  6  are  those  viewing  from  a 
direction  similar  to  c,  and  Fig.  7  shows  boundaries  view¬ 
ing  from  an  a  direction.  Interpretation  in  this  way  ex-  I 
plains  fairly  well  the  morphology  of  habit  planes  ob¬ 
served  in  PbTiOj,  and  the  habit  plane  distribution  can  be 
fit  with  theoretical  calculations  by  considering  local  lat¬ 
tice  parameter  perturbations.  However,  previous  works 
on  BaTiO}  claimed  that  in  some  high  resistivity  BaTiOj 
crystals  the  cubic-tetragonal  phase  boundary  is  of  the  W- 
L-R  type,  but  contrary  to  theoretical  predictions"01"".  i 
The  cubic-tetragonal  phase  transition  in  about  20  BaTiOj 
single  crystals  was  investigated"0KI"  and  about  30%  of 
the  crystals  exhibited  phase  boundaries  at  angles  very 
close  to  that  predicted  by  theory;  60%  of  them  showed  a 
broad  phase  boundary  approximately  perpendicular  to 
the  90°  domain  walls  of  the  a-c  domain  structure  and  the 
remaining  10%  changed  from  cubic  to  tetragonal  via  a  , 
broad  and  complicated  square  net  pattern" 'H24'.  In  all 
cases  the  a-c  domain  structure  was  clearly  visible  right  up 


IV.  Discussion 

It  has  been  suggested  that  the  WLR  theory  should  be 
applicable  to  perovskitc-type  ferroelectric  crystals'41. 
DiDomcnico  and  Wemple'”  did  present  evidence  on 
semiconducting  perovskite-type  crystals  showing  habit 
planes  quantitatively  explainable  in  terms  of  the  WLR 
crystallographic  theory.  However,  crystals  with  high  resis¬ 
tivity  were  reported  not  always  with  predicted  habit 
plane  normals"0’"".  Since  then,  it  has  been  considered 
that  the  cubic  to  tetragonal  transformation  in  perovskite 
crystals  with  high  resistivity  can  not  be  classified  in  the 
family  of  martensitic  transformations'"’.  However,  the 
microstructural  characteristics  of  PbTiO,  in  the  present 
experiment  have  shown:  (i)  reversible  surface  upheavals; 
(i>)  irrational  habit  planes;  (iii)  a  fine  inhomogeneous 
structure  which  is  twinning  in  this  case;  (iv)  that  all  atoms 
move  less  than  an  interatomic  distance;  and  (v)  the 
transformation  process  is  clearly  first  order.  Although 


Fig.  10  Three  dimensional  arrangement  of  a  habit  plane.  Viewing 
from  three  different  cube  directions  reveals  different  morphological 
characteristics.  See  text  for  discussion. 
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to  the  phase  boundary  and  in  all  cases  a  strain  pattern 
with  the  same  period  as  the  a-c  domain  structure  was 
clearly  visible  in  the  cubic  phase  on  the  high  temperature 
side  of  the  phase  boundary.  Reviewing  these  previous 
results  carefully,  we  can  see  that  the  situation  in  BaTiC^ 
is  quite  similar  to  that  in  PbTiOj.  Besides  the  30%  habit 
planes  which  show  sharp  interfaces  and  are  consistent 
with  the  theoretical  calculations,  the  60%  habit  planes  ap¬ 
proximately  perpendicular  to  the  90°  domain  walls  of  the 
a-c  domain  structure  are  actually  parallel  to  a  <100} 
plane  since  the  traces  of  a-c  domain  boundaries  should 
be  parallel  to  a  { 100}  plane,  which  may  be  just  the  case 
shown  in  Figure  7  and  can  be  derived  viesving  from  an  ap¬ 
propriate  direction,  like  c  in  Fig.  10.  We  do  not  see  com¬ 
plicated  square  net  patterns  in  PbTiOj  and  therefore  it  is 
difficult  to  compare  the  remaining  10%  of  the  habit 
planes.  It  seems  that  the  apparent  inconsistency  in 
previous  works  is  because  three  dimensional  considera¬ 
tions  were  not  taken  into  account. 

If  the  specimen  is  thin  enough,  one  sees  a  pronounced 
contrast  variation  around  the  phase  boundary  under 
polarlized  light,  as  shown  in  Fig.  6.  This  is  clearly  related 
to  a  strain  field  and  one  further  notes  that  this  pattern 
appears  at  the  tetragonal  side,  with  a  width  of  tens  of 
microns.  An  interpretation  of  this  is  that  a  coherent 
unrotated  interface  forms  with  severe  elastic  strain  over 
an  appreciable  distance  owing  to  lattice-matching. 
However,  the  contrast  variation  regions  appear  to  vary 
case  by  case,  indicating  a  possibility  that  local  lattice 
distortions  may  vary  depending  on  the  ambient  condi¬ 
tions.  To  reduce  the  misfit  strain  energy  to  a  minimum, 
the  lower  symmetry  crystal  phase  should  be  twined  so 
that  the  sign  of  the  strain  reverses  in  going  from  one  twin 
to  the  next  along  the  habit  plane.  This  then  defines  a 
plane  of  “zero  average  distortion”'4’.  The  theory  of 
WLR  is  based  on  an  interface  plane  between  the  mar¬ 
tensite  and  its  parent  which  remains  macroscopically 
unrotated  and  undistorted  as  a  result  of  the  shape  defor¬ 
mation.  It  is  implicit  in  this  account  that  the  “fit”  of 
the  martensite  to  its  parent  is  isotropic.  Bowles  and 
Mackenzie  have  shown  that  if  the  habit  plane  contains  a 
small  scale  isotropic  distortion,  the  condition  of  an  invar¬ 
iant  plane  strain  for  the  habit  plane  is  slightly  relaxed'31. 
Therefore,  the  Bowles-Mackenzie  theory,  on  the  other 
hand,  holds  that  the  habit  plane  is  unrotated  but  may  be 
isotropically  distorted  by  some  1  or  2  percent'3'.  They  in¬ 
troduced  a  dilatation  parameter,  6,  which  in  effect  slight¬ 
ly  relaxes  the  requirement  that  the  habit  plane  is  un¬ 
distorted,  but  this  modification  is  not  without  criticism'23'. 
We  do  not  know  in  fact  if  the  habit  plane  is  isotropically 
distorted  (or  not)  during  transformation  from  the  pres¬ 
ent  experiments.  However,  we  can  think  in  another  way 
that  the  parameter  d  is  more  than  a  “correction  factor”, 
and  may  contain  substantial  physical  meaning.  The 
significance  of  this  is  that  the  parameter  <5  may  function 
as  an  indicator  of  local  lattice  arrangements  causing  a 
habit  plane  change.  This  offers  a  certain  degree  of 
freedom:  to  take  into  account  a  perturbation  or  local 
lattice  distortion  during  transformation  due  to  compo¬ 


sition,  defects,  temperature  inhomogeneity,  etc.,  which 
may  substantially  influence  the  crystallographic  charac¬ 
teristics.  In  the  present  experiments,  the  same  crystal 
sometimes  showed  habit  planes  with  different  angles 
from  a  <  100}  plane,  providing  evidence  for  this  considera¬ 
tion. 

Although  the  transformation  strains  in  PbTiOj  are 
quite  small  (Table  6)  compared  to  those  of  ferrous  alloys, 
a  small  change  in  the  relative  values  of  the  principal 
strains  introduces  a  dramatic  shift  of  the  habit  plane. 
That  is,  the  tetragonality  of  the  C/T  transformation  is  a 
major  factor  determining  the  crystallographic  characteris¬ 
tics.  The  tetragonality  can  be  affected  by  impurities, 
structural  inhomogeneities,  a  temperature  perturbation, 
strain  conditions,  etc.  The  crystals  used  in  the  present 
case"”  offer  a  good  example.  It  is  thus  obvious  that  even 
a  very  small  perturbation  of  lattice  distortion  during 
transformation  will  shift  the  habit  plane.  This  is  evidenc¬ 
ed  by  the  shift  of  the  same  phase  front  at  different  posi¬ 
tions  during  transformation,  Fig.  6(c)-(e).  This  considera¬ 
tion  may  explain  the  scattering  of  habit  plane  normals 
observed  in  experiments.  The  reason  why  the  scattering 
phenomenon  is  not  seen  in  BaTiOj  and  KTN  is  probably 
due  to  the  very  small  tetragonalities  and  distortions  in¬ 
volved. 

PbTiOj  has  a  much  higher  polarization  value  than 
BaTiOj  and  KTN"6’  and  the  resistivity  of  the  crystals 
used  is  much  higher  than  a  semiconductor.  Therefore  the 
stored  electrical  energy  should  be  much  higher  at  the 
phase  boundary  in  this  case  according  to  an  argument 
made  by  previous  workers"’'*"”.  If  this  is  true,  the  elec¬ 
trostatic  and/or  electrostriction  energy  may  overwhelm 
the  strain  energy,  and  dominate  the  transformation  char¬ 
acteristics.  We  do  not  know  the  exact  relation  between 
the  strain  and  electrical  energies  in  the  present  experi¬ 
ment,  and  more  detailed  work  is  needed.  However,  if  the 
electrical  energy  prevails  and  the  transformation  charac¬ 
teristics  are  solely  dominated  by  this  rather  than  by  a  per¬ 
turbation  of  lattice  arrangements,  it  appears  that  the 
same  crystal  could  show  identical  habit  plane  characteris¬ 
tics  because  the  stored  electrical  energy  is  the  same.  This 
is  not  the  case  we  observe.  Therefore  we  suggest  a  re-in¬ 
vestigation  of  the  role  of  electrical  energy. 

V.  Conclusions 

(i)  The  cubic  to  tetragonal  (C/T)  phase  transfor¬ 
mation  in  PbTiOj  single  crystals  show's  martensitic  cha¬ 
racteristics.  Microstructural  features  investigated  using 
heating  stage  optical  microscopy  and  transmission 
electron  microscopy  show  a  small  hysteresis  involved,  the 
difference  between  the  A,  and  Af,  lemperatures  being 
about  5°C.  The  phase  front  passes  swiftly  through  the 
crystal;  surface  relief  accompanying  the  transformation 
is  also  seen.  The  twinning  system  involved  has  been  iden¬ 
tified  as  a  compound  twin  in  the  tetragonal  phase  with 
Aj  =  { 1 10},  /7i  =  <Il0>,  A':={Tl0},  r/2=<ll0>. 

(ii)  The  phase  boundaries  (habit  planes)  were 
"frozen”  by  controlling  the  temperature  profile.  It  was 
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found  that  the  habit  planes  vary  within  a  certain  range, 
js’ot  only  did  different  specimens  show  this  phenomenon, 
but  also  the  same  specimen  under  different  transforma- 
tjons  also  follows  this,  indicating  the  importance  of  local 
distortion  near  the  interfaces  during  transformation.  The 
present  experimental  results  suggest  a  re-investigation  of 
ihe  role  of  stored  electrical  energy. 

(jii)  Theoretical  predictions  with  varying  principal 
distortions  show  that  experimental  data  appear  to  fit 
calculated  results  quite  well,  if  one  considers  the  effect 
of  local  lattice  distortions  during  transformation.  The 
results  show  a  certain  degree  of  consistency,  which  imply 
that  the  phenomenological  martensitic  crystallographic 
theory  does  indeed  apply  to  PbTiOj. 
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Optical  absorption  of  the  polar  material  PbTi03  has  been  studied  up  to  35  GPa  ( 350  kbar)  in 
the  visible  range  of  wavelengths  using  a  single  crystal  samples  compressed  in  a  diamond  anvil 
high  pressure  cell.  The  absorption  edge  shifts  toward  lower  energies  with  increasing  pressure. 
Pressure  dependence  of  the  absorption  edge  undergoes  significant  changes  at  about  11.5 ±0.3 
GPa,  close  to  the  previously  identified  tetragonal-cubic  phase  transition.  The  change  in  pressure 
dependence  of  the  spectra  is  consistent  with  second-order  character  of  the  transition. 


I.  INTRODUCTION 

Lead  titanate,  PbTi03,  an  important  member  of  the 
perovskite  family  of  ferroic  materials,  has  a  first-order 
cubic-to-tetragonal  phase  transition  on  cooling  through  Tc 
=763  K  (Curie  point)  at  atmospheric  pressure.1  The  effect 
of  pressure  on  the  properties  of  PbTiOj,  and  their  relation¬ 
ship  to  the  phase  transition,  has  been  studied  by  several 
authors.2-®  However,  unlike  its  Ba  analog,  BaTiOj,  accu¬ 
rate  values  of  the  single-crystal  ferroelectric  properties  of 
pure  PoTi03  are  unavailable  because  of  experimental  dif¬ 
ficulties  in  polarization  reversal  measurements.  In  addi¬ 
tion,  reduced  values  of  electrical  resistivity4  often  dictates 
the  use  of  samples  doped  with  U4,7,8  or  Nb5  as  charge 
compensators.1  As  a  consequence,  some  discrepancies  in 
reported  data2,4,5,7  may  be  partly  attributed  to  the  differ¬ 
ences  in  crystal  quality  and  composition. 

The  temperature  of  the  polar-paraelectric  phase  tran¬ 
sition  is  known  to  decrease  with  increasing  hydrostatic 
pressure.  From  an  x-ray  study  of  pure  PbTi03  ceramics  up 
to  1.8  GPa  Kabalkina  and  Vereshchagin2  obtained  a  linear 
pressure  dependence  of  Tc  with  a  slope  as  steep  as  — 180 
K/GPa,  which  extrapolates  to  a  transition  pressure  Pc 
czl.l  GPa  at  room  temperature  assuming  the  transition 
remains  first-order.  Later,  from  studies  of  the  dielectric 
properties  of  U-doped  single  crystals,  Samara4  observed  a 
significant  nonlinearity  in  the  pressure  dependence  of  Tc 
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with  the  slope  decreasing  from  —  84  K/GPa  at  low  pres¬ 
sure  to  —  50  K/GPa  at  2.2  GPa.  These  results  imply  that 
Pe>  8  GPa  at  room  temperature.  Samara  also  noted  that 
the  first-order  character  of  the  phase  transition  becomes 
less  pronounced  with  increasing  pressure  and  suggested  a 
change  from  first-  to  second-order  character  with  the  tric- 
ritical  point  at  —4.5  GPa. 

A  second-order  phase  transition  at  Pc—  12.1  GPa  and 
room  temperature  has  indeed  been  identified  from  the 
high-pressure  Raman  study  of  undoped  PbTi03  crystals.6 
On  the  other  hand,  dielectric  and  x-ray  measurements  for 
Nb-doped  polycrystalline  specimens5  suggest  a  first-order 
phase  transition  at  5.8  GPa  and  room  temperature.  These 
latter  data  are  in  contradiction  with  more  recent  x-ray  dif¬ 
fraction  measurements  for  U-doped  crystals7,8  up  to  6  GPa 
from  which  a  second-order  transition  at  — 13  GPa  may  be 
expected  by  extrapolation. 

The  pressure-temperature  phase  diagram  of  PbTi03 
and  the  position  of  the  tricritical  point  have  been  recently 
analyzed  within  the  framework  of  a  phenomenological  the¬ 
ory  of  ferroelectricity.9  From  this  analysis  the  high- 
pressure  second-order  phase  transition  is  to  be  expected  at 
room  temperature.  However,  the  Raman  data  of  Sanjuijo 
et  aL6  remain  the  only  direct  experimental  evidence  for  it. 

Optical  absorption  has  already  proven  useful  for  un¬ 
derstanding  the  properties  and  phase  transitions  of  ferro- 
electrics  in  response  to  changes  in  external  parameters.10-12 
In  the  present  study  we  have  attempted  to  identify  the 
high-pressure  phase  transition  in  PbTi03  from  optical  ab 
sorption  data  obtained  over  a  wide  range  of  pressure  up  to 
35  GPa.  Our  intent  is  to  resolve  difference  among  previous 
studies,  and  to  extend  the  pressure  range  of  investigation 
using  nominally  undoped  crystals. 
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II.  EXPERIMENT 

The  PbTiOj  crystals  used  in  our  study  were  grown  by 
slow  cooling  from  a  temperature  of  900  *C  in  a  KF-PbO- 
PbF2  flux.  Details  of  the  crystal  growth  procedure  are  pre¬ 
sented  elsewhere.13  A  qualitative  chemical  analysis  of  the 
resulting  crystals  by  dc  arc  emission  spectroscopy  showed 
the  presence  of  impurities  at  the  0.5  wt  %  level  or  lower, 
with  most  impurities  having  substantially  lower  concentra¬ 
tions.  These  results  were  confirmed  by  quantitative  elec¬ 
tron  probe  microanalysis,  which  yielded  0.33  wt  %  K20 
and  all  other  impurities  below  the  detection  limit.  All  sam¬ 
ples  were  multidomain  on  a  length  scale  ranging  from  a 
few  micrometers  or  less  up  to  several  tenths  of  a  mm. 

The  optical  system  used  in  our  experiments  is  similar 
to  the  one  described  by  Welber.14  A  Mao-Bell15  type  of 
diamond  anvil  high-pressure  cell  was  used  to  compress  the 
samples.  The  gaskets  with  a  central  hole  about  200  y.m  in 
diameter  were  made  of  0.5-mm-thick  stainless  steel  301, 
and  preindented  to  between  50-70  /xm.  PbTi03  crystals 
approximately  80  /xm  in  linear  dimensions  and  — 10  /xm 
thick  were  loaded  into  the  cylindrical  gasket  hole  together 
with  several  ruby  chips  used  for  pressure  measurements  by 
the  ruby  fluorescence  technique.16  The  pressure  transmit¬ 
ting  medium  was  a  4:1  methanol :ethanol  mixture,  which 
provided  a  hydrostatic  medium  up  to  10.5  GPa,  and 
quasihydrostatic  pressure  to  about  20  GPa.17  In  our  exper¬ 
iments,  the  Ri  and  R2  peaks  of  ruby  fluorescence  were  well 
resolved  up  to  the  highest  pressure  (35  GPa)  indicating 
nearly  hydrostatic  conditions. 

A  tungsten  halogen  lamp  ( 100  W  OLYMPUS  HAL- 
L)  has  been  used  as  a  light  source  that  gave  an  incident 
beam  in  the  4000  to  8000  A  range  of  wavelengths.  Light 
passing  through  a  source  aperture  of  20  /xm  was  focused  to 
a  smaller  spot  in  the  gasket  hole  by  an  objective  lens.  The 
image  formed  was  sharp  and  very  well  defined.  At  each 
pressure  the  optical  transmission  spectrum  (7/70  vs  A)  was 
obtained  by  comparing  the  intensities  of  transmitted  light 
from  two  measurements:  (1)  with  the  light  transmitted 
through  the  pressurized  sample  (intensity  7);  and  (2)  with 
the  light  transmitted  adjacent  to  the  sample,  through  the 
alcohol  mixture  and  diamond  alone  (intensity  70). 

Radiation  transmitted  through  the  cell  was  analyzed 
using  a  0.32  m  scanning  monochrometer  and  was  detected 
by  a  Hamamatsu  photomultiplier  tube  R943-02  together 
with  photon  counting  electronics.  A  pinhole  was  put  in  the 
imaging  plane  of  the  sample  immediately  before  the  mono¬ 
chrometer  as  a  spatial  filter  to  cut  out  extraneous  radiation 
and  decrease  the  background  light. 

Thirty-six  measurements  have  been  made  in  the  pres¬ 
sure  region  from  0.03  to  32.7  GPa  in  four  separate  exper¬ 
iments.  Most  of  the  measurements  were  carried  out  be¬ 
tween  7  and  17  GPa  where  the  phase  transition  was 
expected.  All  measurements  were  made  at  room  tempera¬ 
ture  ( — 20"C). 

III.  RESULTS  ANO  DISCUSSION 

Typical  transmission  spectra  collected  at  different  pres¬ 
sures  are  shown  in  Fig.  1.  The  crystal  absorbs  visible  light 


Wavelength  /  A 

FIG.  1.  Transmittance  spectra  of  PbTiOj  single  crystals  at  various  pres¬ 
sures.  Dashed  lines  illustrate  the  definition  of  the  absorption  edge. 

in  the  violet  range  of  wavelengths,  as  could  be  expected 
from  its  yellowish  color.  This  intense  absorption  is  clearly 
caused  by  Ti  ions,  as  judged  by  analogy  with  the  known 
fundamental  absorption  edge  of  crystalline  BaTi03  at  a 
wavelength  A =4000  A  at  room  pressure. 12  Similar  absorp¬ 
tion  spectra  have  also  been  reported  very  recently  for  Pb- 
Ti03  powder  at  ambient  conditions.18  With  increasing 
pressure,  absorption  shifts  significantly  to  longer  wave¬ 
lengths  (Fig.  1). 

The  observed  pressure  dependence  of  optical  absorp¬ 
tion  is  most  conveniently  discussed  in  terms  of  an  absorp¬ 
tion  edge.  In  our  study,  we  define  the  absorption  edge  as 
the  maximum  slope  of  the  transmittance  decline  at  lower 
wavelengths,  extrapolated  by  a  straight  line  to  zero  trans¬ 
mittance.  This  intuitively  clear  definition  of  the  absorption 
edge  is  illustrated  by  dashed  lines  in  Fig.  1  for  two  pres¬ 
sures. 

It  should  be  noted  that  the  definition  of  an  absorption 
edge  is,  to  some  degree,  arbitrary.  The  definition  used  by 
us,  as  well  as  several  other  definitions,  can  be  found  in  the 
literature  of  previous  studies  by  other  investigators.19"21 
We  have  analyzed  our  data  using  several  of  these  defini¬ 
tions,  and  each  yields  slightly  different  wavelengths  for  the 
absolute  value  of  the  edge.  However,  all  definitions  result 
in  the  same  pressure  dependence  of  the  absorption  edge 
and  do  not  affect  the  following  discussion. 

The  pressure  dependence  of  the  optical  absorption 
edge  of  PbTi03  is  shown  in  Fig.  2  for  the  whole  pressure 
range  studied.  The  qualitative  picture  obtained  is  very  sim¬ 
ilar  to  the  temperature  and  pressure  dependence  of  the 
absorption  edge  of  SbSI  near  its  polar  phase  transition.10,11 
The  absorption  edge  shifts  with  pressure  to  longer  wave¬ 
lengths  with  an  initial  slope  of  1 5  A/GPa,  increasing  to  47 
A/GPa  at  =  1 1.5  GPa.  At  this  pressure,  a  sudden  drop  of 
the  slope  to  12  A/GPa  takes  place,  and  the  slope  continues 
to  increase  further  to  32  A/GPa  at  the  highest  pressure  of 
the  present  study. 

The  sharp  change  in  slope  at  11.5±0.3  GPa  (Fig.  2) 
clearly  indicates  the  presence  of  a  phase  transition  at  this 
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FIG.  2.  Pressure  dependence  of  the  optical  absorption  edge  of  PbTiOj. 
The  size  of  the  symbols  approximately  corresponds  to  experimental  errors 
involved. 


pressure.  The  change  is  consistent  with  a  second-order 
transition,  inasmuch  as  a  first-order  phase  transition 
should  result  in  a  sudden  change  AA  of  the  absorption  edge 
wavelength  as  the  crystal  passes  through  the  Curie  point 
(see,  e.g.,  Ref.  12). 

Moreover,  the  observed  transition  pressure  corre¬ 
sponds  to  the  pressure  of  a  second-order  phase  transition 
found  earlier  in  PbTi03  at  room  temperature  by  Raman 
spectroscopy  (12.1  ±0.2  GPa).6  The  transition  pressure 
from  our  measurements  is  also  in  reasonable  agreement 
with  an  extrapolation  of  more  recent  high-pressure  x-ray 
data  on  spontaneous  strain  (Pc~  13  GPa).7 

It  is  worth  noting  that  we  find  no  evidence  for  a  phase 
transition  in  PbTi03  at  mu  ;h  lower  pressures.  In  contrast, 
the  dielectric  measurements  of  Ikeda5  indicate  a  first  order 
transition  in  Nb-doped  samples  at  5.8  GPa.  The  transition 
noticed  in  the  latter  study  may  be  due  to  a  depression  of  Pc 
by  the  dopant.  Alternatively,  the  discrepancy  may  result 
from  the  different  apparatus  used.  Ikeda  carried  out  mea¬ 
surements  on  polycrystalline  samples  in  a  solid  medium 
apparatus,  using  epoxy  resin  as  the  pressure  transmitting 
medium.  Under  nonhydrostatic  conditions  the  presence  of 
high  shear  stresses  on  the  sample  might  lower  the  transi¬ 
tion  pressure  drastically.  If  the  transition  pressure  is  sys¬ 
tematically  affected  by  shear  stresses,  this  might  also  ex¬ 
plain  the  small  difference  in  Pc  between  our  study  and 
Sanjurjo  et  a/.6  The  pressure  medium  used  in  our  experi¬ 
ment  (4:1  methanokethanol)  freezes  at  approximately  10.5 
GPa,  whereas  the  methanol-ethanol-water  mixture  used  by 
Sanjurjo  et  al  remains  liquid  to  somewhat  higher  pres¬ 
sures.  However,  as  noted  previously,  the  ruby  fluorescence 


spectra  in  our  experiments  indicated  that  the  pressure  dis¬ 
tribution  in  the  diamond  cell  was  nearly  hydrostatic. 17 
Moreover,  the  difference  between  our  work  and  that  of 
Sanjurjo  et  al.6  is  within  the  mutual  uncertainties  of  the 
two  sets  of  experiments,  and  may  not  reflect  any  real  dif¬ 
ference  in  the  experimental  conditions. 

In  conclusion,  we  have  measured  optical  absorption 
spectra  of  polar  PbTi03  single  crystals  at  room  tempera¬ 
ture  and  in  the  pressure  range  35  GPa  (350  kbar).  Pres¬ 
sure  dependence  of  the  absorption  edge  derived  from  the 
measurements  has  been  examined  and  exhibits  a  change  in 
slope  by  a  factor  of  ~  3  at  about  1 1 .5  ±  0.3  GPa,  indicating 
a  phase  transition  in  the  material.  This  behavior  of  the 
absorption  edge  is  consistent  with  second-order  character 
for  the  transition. 
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Optical  excitation  of  trivalent  platinum  (3d7,  r*«)  ions  in  lead  titanate  single  crystals  have  beat 
observed  for  the  first  time  by  electron  paramagnetic  resonance  (EPR).  The  g  and  hyperfine 
coupling  A  tensors  were  found  to  be  axial:  g|  =1.938,  gl  =2.478,  =0.0164  cm-1,  and 

Al  =0.0324  cm-1.  Analysis  of  the  EPR  spectra  using  crystal  field  theory  indicates  that  the  Pt+3 
ions  are  in  tetragonally  distorted  (elongated)  octahedral  sites,  strongly  suggesting  that  they 
substitute  for  the  central  Ti+4  ions  in  the  perovskite  lattice. 


Transition  metal  ions  in  type  AB03  perovskite  com¬ 
pounds  have  been  widely  studied  by  electron  paramagnetic 
resonance  (EPR)  and  optical  spectroscopy  methods. 1-4  In 
most  cases  it  is  believed  that  they  behave  as  deep  centers 
and  can  significantly  affect  the  electronic  and  optical  prop¬ 
erties  of  the  ceramic  involved.  In  recent  years,  PbTi03,  and 
lead  zirconate  titanate  (PZT),  ceramics  have  attracted 
much  attention  for  use  in  nonvolatile  semiconductor  mem¬ 
ories,  displays,  optical  shutters,  and  infrared  imaging  de¬ 
vices.  However,  unlike  BaTi03  and  SrTi03,  very  little  is 
known  about  the  nature  or  identity  of  paramagnetic  cen¬ 
ters  in  PbTi03.5,6  In  this  study,  we  have  used  EPR  to 
obtain  such  information  in  PbTi03  crystals;  we  find  evi¬ 
dence  for  Pt+3  ions  in  the  optically  illuminated  ceramics. 
The  observation  of  Pt  in  the  PbTi03  crystals  may  be  of 
considerable  importance  since  it  is  widely  used  as  the  pri¬ 
mary  electrode  in  many  of  the  aforementioned  device  ap¬ 
plications. 

The  PbTi03  crystals  were  grown  by  a  self-flux  method. 
The  starting  method  was  comprised  of  78-82  mol  %  PbO 
( >99.9%)  and  18-22  mol  %  TiOj  ( >99.9%).  The  mix¬ 
ture  was  placed  in  a  pure  platinum  crucible  (most  likely 
the  source  of  Pt  observed  in  this  work)  of  30  ml  capacity 
and  heated  to  1100’C  for  over  15  h,  slowly  cooled  to 
930  *C  at  a  constant  rate  of  approximately  0.3-1. 5  *C/h, 
and  then  cooled  to  room  temperature  in  approximately  72 
h.  Greater  experimental  details  are  provided  in  Ref.  7. 

The  EPR  measurements  were  made  at  77  K  using  an 
X-band  (v=9.425  464  GHz)  Broker  ESP-300E  spectrom¬ 
eter.  An  optical  access  EPR  cavity  was  used  to  UV  illumi¬ 
nate  the  sample  in  situ  with  2.8  eV  monochromatic  light. 
An  Oriel  100  W  Hg  arc  lamp  in  conjunction  with  a  2.8  eV 
narrow-band  interference  filter  was  used  as  the  monochro¬ 
matic  light  source.  The  light  power  density  was  1  mW/ 
cm2. 

The  as-received  PbTi03  crystals  were  fairly  free  of 
paramagnetic  transition  metals  (unlike  BaTi03);  however, 
they  did  exhibit  a  fairly  large  axially  symmetric  Fe+3  EPR 
signal;  this  center  will  be  discussed  elsewhere.1  Following 
2.8  eV  illuminate  at  77  K,  a  new  EPR  signal  was  activated, 
with  clearly  resolved  hyperfine  structure,  as  illustrated  in 
Fig.  1.  In  EPR,  the  chemical  signature  of  the  paramagnetic 


defect  is  uniquely  characterized  by  its  hyperfine  structure, 
where  the  number  of  spectral  lines  is  given  by  27+ 1,  where 
I  is  the  nuclear  spin.  For  an  element  with  several  isotopes 
having  different  nuclear  moments  and  spin,  the  EPR  spec¬ 
trum  will  be  a  superposition  of  the  electronic  Zeeman  and 
nuclear  hyperfine  spectrum  of  each  isotope  weighted  by  its 
natural  abundance. 

We  attribute  the  observed  spectra  in  Fig.  1  to  an  im¬ 
purity  with  several  possible  isotopes  having  7=0  or 
7=  1/2.  The  central  lines  (marked  by  the  arrows)  are  due 
to  the  7=0  isotopes  whereas  the  two  satellite  lines  about 
each  central  line  are  due  to  the  7=  1/2  isotopes.  We  find 
that  the  experimental  ratio  of  the  double  integrated  inten¬ 
sity  of  the  central  line  to  the  satellite  lines  is  1.96,  in  ex¬ 
cellent  agreement  with  that  expected  for  platinum  ions 
( 1.9586).  Platinum  has  four  stable  isotopes  of  which  l94Pt, 
l96Pt,  and  ,9*Pt  are  66.2%  abundant  and  have  7=0,  while 
19SPt  is  33.8%  abundant  and  has  7=  1/2.  Platinum  is  the 
only  element  in  the  periodic  table  that  can  explain  the  EPR 
spectrum  of  Fig.  1. 

Having  determined  that  the  EPR  signal  is  due  to  a  Pt 
impurity,  we  rotated  the  PbTi03  crystal  within  the  ( 100) 
plane  to  determine  the  magnetic  anisotropy.  The  observed 
anisotropy  of  the  effective  g-value  is  illustrated  in  Fig.  2. 
The  observed  5=1/2,  7=1/2  spectra  can  be  fit  by  the 
following  spin  Hamiltonian, 


FIG.  I.  EPR  spectrum  showing  the  Pt+)  resonance  following  2.8  eV 
illumination  at  77  K.  The  external  magnetic  field  is  parallel  to  the  [001] 
direction. 
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FIG.  2.  Angular  variation  of  the  effective  g-value  of  the  Pt+3  resonance; 
the  resonance  exhibits  axial  symmetry.  The  external  magnetic  field  was 
rotated  about  the  [001]  direction  within  the  ( 100)  plane. 

Hs=8\\  PH£z+8\.  P(HxSx+HySy)  -My  SJj 

+  ( Sxlx  +  Syly )  (1) 

where  g||  (gi  )  is  the  g-value  parallel  (perpendicular)  to 
the  symmetry  axis,  /?  is  the  Bohr  magneton,  H  is  the  mag¬ 
netic  field,  Aft  (Ax  )  is  the  nuclear  hyperfine  coupling  con¬ 
stant  parallel  (perpendicular)  to  the  symmetry  axis,  and  5 
(!)  is  the  electron  (nuclear)  spin.  The  axial  spin  Hamil¬ 
tonian  parameters  are  gy  =  1.938±0.001,  g3  =2.478 
±0.001,  An  =0.0 164 ±0.0002  cm-1,  and  Av  =0.0324 
±0.0002  cm-1.  The  identification  of  gL  was  determined 
by  the  rotation  of  the  magnetic  field  around  one  of  the 
crystal  axes,  i.e.,  rotation  within  the  ( 100)  plane  yielded  an 
orientation  independent  resonance  line  (Fig.  2)  which  re¬ 
sults  from  paramagnets  whose  z  axes  always  remain  per¬ 
pendicular  to  the  external  magnetic  held.  Since  the 
g-tensors  exhibit  axial  symmetry,  and  it  is  well  known  that 
PbTi03  has  a  tetragonal  crystal  structure,  we  expect  that 
the  Pt  ion  substitutes  for  the  Ti+4  ion  in  the  PbTi03  crys¬ 
tal.  It  is  further  reasonable  that  the  Pt  substitutes  for  the  Ti 
since  the  ionic  radii  of  the  Pt+4  (0.77  A)  and  Ti+4  (0.75 
A)  ions  are  very  similar. 

From  crystal  field  theory  it  is  possible  to  determine  the 
structure,  and  oxidation  state,  of  the  optically  generated  Pt 
ion  in  this  perovskite  lattice.  Since  the  ground  state  of  the 
Pt  resonance  can  be  fit  using  an  5=1/2,  7=1/2  system, 
two  oxidation  states  are  possible  for  the  Pt  ion,  Pt+3  (d1, 
t6e)  and  Pt+  (d9,  f6e3)  as  long  as  the  Pt  ion  is  in  a  tetrag- 
onally  distorted,  strong  octahedral  field  as  schematically 
illustrated  in  Fig.  3.9  Under  the  strong  field  limit,  the  oc¬ 
tahedral  crystal  field  must  be  greater  than  the  spin  pairing 
energy;  5 d  ions  are  almost  always  under  the  strong  field 
approximation.10,11  Since  the  Pt  substitutes  for  the  Ti+4  ion 
in  the  lattice,  it  is  more  reasonable  from  charge  consider¬ 
ations  to  assume  that  the  oxidation  state  of  the  Pt  is  +3 
rather  than  -I- 1,  as  was  assumed  for  BaTi03  crystals  doped 
with  Pt.12 

For  d1  (f6,e)  ions,  i.e.,  Pt+3,  in  tetragonally  elongated, 


u 

Pt 


FIG.  3.  Schematic  illustration  of  the  chemical  environment  around  the 
Pt+J  ion  in  the  PbTiOj  perovskite  lattice. 

strong  octahedral  fields,  the  g-tensors  are  predicted  to  be13 

g„  ~g,-3A2/A2,  (2) 

gi  ~ge(  1  —  3A/A) — 6A2/ A2,  (3) 

where  A  is  the  spin-orbit  coupling  constant  (A  <0),  and  A 
is  the  crystal  field  splitting.  From  Eqs.  (2)  and  (3)  it  is 
easy  to  see  that  g3  >gy  ,  gy  <g„  and  gl  >g„  which  are  all 
experimentally  observed,  and  consistent  with  our  assign¬ 
ment  of  Pt+3.14 

At  this  juncture,  it  should  be  mentioned  that  these 
results  also  indicate  that  the  oxidation  state  of  the  diamag¬ 
netic  Pt  ions  in  the  virgin,  unilluminated,  PbTi03  crystals 
is  +4.  Since  the  greatest  density  of  optically  generated 
Pt+3  ions  was  observed  with  photon  energies  around  2.8 
eV  (a  photon  energy  of  2.8  eV  roughly  corresponds  to  the 
optical  band  gap  of  these  crystals),  it  is  reasonable  to  as¬ 
sume  that  it  is  the  capture  of  the  photogenerated  electrons 
at  diamagnetic  Pt+4  ions  that  makes  them  negatively 
charged  and  paramagnetic. 

It  is  also  interesting  to  note  that  the  optically  generated 
Pt+3  ions  are  metastable  at  room  temperature,  i.e.,  if  the 
UV-illuminated  ceramic  is  warmed  to  300  K,  and  then 
recooled  to  77  K,  the  Pt+3  EPR  resonance  is  no  longer 
observed.  Last,  the  Pt+3  EPR  signal  could  only  be  ob¬ 
served  at  temperatures  <  120  K  in  accord  with  that  ob¬ 
served  for  Pt+3  ions  in  A1203,15  BaTi03,12  and  yttrium 
aluminum  garnets;16  this  observation  is  believed  to  be  due 
to  the  very  short  spin-lattice  relaxation  time  of  Pt+3  ions  at 
T>  200  K.17 

In  conclusion,  we  have  been  able  to  observe  the  optical 
generation  of  Pt+3  ions  in  PbTi03  crystals.  Since  the  EPR 
spectrum  is  axially  symmetric,  and  can  be  described  by  an 
5=1/2,  /=  1/2  system,  it  has  been  argued  that  the  Pt+3 
ions  are  in  a  tetragonally  distorted  strong  octahedral  field, 
and  have  substituted  for  the  central  Ti+4  ions  in  this  per¬ 
ovskite  lattice. 
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ABSTRACT 


Electrically  induced  deformations  associated  with  antifenoelectric  (AFE  hto-fenoelectric  (FE)  phase 
transformations  in  tin  modified  lead  zirconare  titanate  (PZST)  ceramics  are  reported.  The  total  strain 
is  comprised  of  a  (i)  spontaneous  strain  which  occurs  at  the  phase  transformation  and  a  (ii)  strain 
associated  with  domain  alignment  on  poling.  Therefore,  the  total  induced  strain  is  greater  than  the 
converse  piezoelectric  effect  normally  associated  with  ferroelectric  materials,  and  as  such,  is  attractive 
for  potential  device  applications.  Depending  on  reversible  and  irreversible  characteristics,  associated 
with  the  temperature  of  operation  and  thermal  hysteresis,  the  deformation  process  can  be  classified  as 
superelastic  or  shape  memory  behavior.  Superelasticity  is  observed  at  temperatures  above  the  FE- 
AFE  transformation  temperature  (Ta)  with  immediate  strain  recovery  upon  release  of  die  electric 
field.  Electrically  induced  irreversible  strains,  within  die  thermal  hysteresis  region  (Tf  <  T  <  Ta).  ate 
recoverable  upon  heating  above  Ta;  and  give  rise  to  a  shape  memory  effect,  die  extent  of  which  is 
dependent  on  the  magnitude  of  the  AFE  sublattice  coupling.  Shape  memory  and  superelastic 
behavior  are  explained  in  terms  of  competing  thermodynamic  stabilities  for  the  AFE  and  FE  phases. 
Implications  to  other  ceramic  systems  are  indicated. 


1.  INTRODUCTION 


In  this  paper  we  report  on  phase  transformation  studies  in  the  Pb(Zr,Sn,TT)03  system  (i.e.,  PZST). 
[1]  Attention  is  paid  to  strain  e  and  polarization  P  changes  as  a  FE  phase  is  induced  from  an  AFE 
phase  as  a  function  of  electric  field  strength  E  at  temperature  T.  Previously  we  proposed  a  model  by 
which  issues  relating  to  phase  stability  and  reversability  could  be  predicted  [2].  The  model  included 
thermodynamic  barriers  AG*  to  transformation  and  a  region  of  associated  thermal  hysteresis  AT. 
Now  we  report  (i)  a  shape  memory  effect  and  (ii)  superelasticity  for  PZST  electrical  ceramics.  These 
phenomena  depend  upon  whether  the  electrically  induced  strain  deformations  occur  (i)  within  the 
thermal  hysteresis  region  or  (ii)  at  higher  temperatures.  Similar  to  metallic  alloy  systems  [3,4],  0)  the 
shape  memory  effect  occurs  when  the  induced  deformations  at  one  temperature  are  recoverable  at  a 
higher  temperature,  and  (ii)  superelasticity  behavior  is  when  the  induced  deformations  at  constant 
temperature  are  recoverable  upon  unloading  [5],  Both  deformation  and  strain  recovery  processes 
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usually  Involve  martensitic-type  phase  transformations.  By  analogy  with  metallic  alloy  systems, 
shape  memory  effects  have  (Men  reported  previously  for  mechanically  deformed  Z1O2  [6]  and 
(PbJLa)(Zr,' TOO3  [7]  ceramics.  We  now  report  electrically  deformed  shape  memory  effects  and 
superelastic  properties  for  PZST  ceramics.  These  effects  were  anticipated  from  our  previous  work  on 
field-induced  AFE-FE  phase  transformations  [2].  Special  attention  is  paid  now  to  induced 
deformations  and  strain  recovery  processes,  with  emphasis  on  thermal  stability  of  die  AFE  phase. 


1  EXPERIMENTAL  METHOD 


PZST  compositions  close  to  a  morphotropic  phase  boundary  [1]  were  prepared  by  a  method 
previously  reported  [2]  according  to  die  formula  Pbri^3z>Nbi[(Zri.xJSnx)i.yTiy]o.9803.  Throughout 
the  text  an  abbreviated  notation  is  used:  PZST  X/Y/Z  (which  is  equivalent  to  100x/100y/100z).  A 
small  amount  of  Nb20s  was  added  for  dielectric  strength  purposes. 


Field-induced  deformations  were  measured  normal  to  die  field  direction  (Le.,  £31,  transverse  strain) 
by  a  strain  gauge  bonded  <0  the  specimen.  Induced  polarizations  were  also  determined  at  0.3Hz  on  a 
modified  Sawyer-Tower  circuit  Care  was  taken  for  temperature  compensation  in  the  strain 
measurements  through  use  of  a  dummy  gauge  in  the  test  cell.  Transformation  temperatures  were 
characterized  by  differential  scanning  calorimetry  (DSC),  and  dimensional  changes  by  thermal 
mechanical  analysis  (TMA).  The  heating  and  cooling  rates  were  10°C/min.  Standard  X-ray 
diffraction  (XRD)  techniques  were  used  for  phase  analysis,  and  the  determination  of  any  structural 
orientation  effects. 


3.  RESULTS 


(1)  Phase  Transformations  and  Strain  Recovery 


Phase  transformations  are  illustrated  in  figure  1  for  PZST  43/8/2  as  a  function  of  increasing  and 
decreasing  temperature.  The  TMA  results  indicate  the  low  temperature  FE  phase  (rhombohedral) 
transformed  into  the  higher  temperature  AFE  phase  (tetragonal)  with  an  abrupt  decrease  in  volume 


Figure  1.  Thermal  strains  and  hysteresis  for  the  FE-AFE 
transformation  in  PZST  43/8/1 


Figure  1  Thermodynamic  stability  for 
the  FE-AFE  transformation,  which 
occurs  spontaneously  when  the  free 
energy  difference  (AC)  exceeds  the 
transformation  barrier  (AG*). 
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(AV),  followed  by  expansion  through  a  multicell  cubic  (MCQ  region  before  transformation  into  the 

paraelectric  (PE)  cubic  phase.  The  onset  temperatures  for  the  AFE  and  FE  transformations  are  Ta 

and  Tp,  on  heating  and  cooling,  respectively.  Note,  the  region  of  thermal  hysteresis.  Figure  2  is  a  0 

schematic  of  the  thermodynamic  stabilities  for  the  FE  and  AFE  phases.  The  observation  of  thermal 

hysteresis  (figure  1)  suggests  the  transformation  does  not  proceed  initially  when  the  free  energies  are 

equivalent  (G*5  =  G*™  at  T  =  To),  but  that  there  are  thermodynamic  barriers  to  be  overcome  (AG^, 

AGp)  before  the  transformation  can  proceed.  This  leads  to  overheating  (Ta  *  T0)  and  undercooling 

(T0  -  Tp)  before  the  transformations  can  be  initiated.  Because  of  the  region  of  thermal  hysteresis  (AT 

=  Ta  *  Tp)  the  pathway  passes  through  a  region  of  metastability  (higher  free  energy)  before  the 

transformation  occurs;  therefore,  the  existing  phase  within  this  region  (FE  or  AFE)  depends  upon  the  q 

previous  thermal  history  of  the  specimen  (heating  or  cooling).  Consequently,  thermally  induced 

transformational  strains  can  only  be  recovered  when  the  free  energydlfference  between  the  two 

phases  isgreater  than  the  transformation  barrier  (Le^  for  T  <  Tp,  AG*^'1^  >  AGS,  and  for  T  >  Ta, 

AgFE-afe>  aG^). 


Similar  to  the  aforementioned  case  of  mechanical  stress  o  induced  transformations  in  shape  memory 
alloys,  the  present  case  of  electric-field-induced  AFE-FE  transformations  (at  T  >  Ta)  is  accompanied 
by  shape  and  volume  changes  with  plastic  deformations  (Le.,  a  critical  field  Ep  is  necessary  to  yield  a 
non-linear  strain).  The  minimum  amount  of  electric  work  done  (-PdE)  to  induce  the  transformation 
must  be  greater  than  the  free  energy  difference  between  the  two  phases  (AG0fe*afe)  and  the 
thermodynamic  barrier  (AG£)  [2]  Le., 

-PpdE^AGoFE-AFE  +  AGp.  (1) 

When  E  is  subsequently  reduced  for  T  >-Ta,  the  fixe  energy  difference  between  the  two  phases 
A G0fe-afe  provides  a  driving  force  for  strain  recovery. 


(2)  Superelasticity  and  Shape  Memory  Effect 


An  example  of  superelasticity  is  given  in  figure  3  for  PZST  42/4/2  at  room  temperature  (T  >  Ta). 
The  field-induced  strain  631  develops  as  the  FE  phase  evolves  at  field  strengths  greater  than  Ep. 
However,  the  strain  is  recoverable  when  E  decreases  to  Ea,  and  the  material  reverts  back  to  the  AFE 
form.  The  field-induced  superelastic  properties  are  of  interest  for  electromechanical  actuator 
applications  [8,9].  As  the  operating  T  approaches  Ta>  the  field-induced  strain  deformations  become 
less  recoverable,  Le.,  as  AG0fe*af^ approaches  zero.  Figure  4  illustrates  the  lack  of  C31  recovery 


E  (kV/cm) 

Figure  3.  Superelasticity  associated  with  the  field-induced  FE-AFE  transformation  for  PZST  42/4/2. 
The  field-induced  strain  above  Ta  is  recoverable  when  the  holding  field  is  released  below  Ea. 


I 


I 


» 


I 


► 


» 


» 


► 


dynamic  (0-3  Hz)  loading  conditions.  On 

cooling  into  the  AFE-FE  transformation  (i  Figure  5.  X-ray  diffraction  data  (at  25°Q  for  PZST 
and  ii),  the  extent  of  recoverable  strain  43/6/2  within  the  thermal  hysteresis  region  (Tf  * 
decreases  as  die  AFE  snblatdce  coupling  HPC,  Ta  =  52°Q,  0)  before  and  (ii)  after  cooling 
softens,  and  approaches  zero  at  the  FE  into  or  .(iii)  field-indudn  the  FE  phase.  High 
transformation  temperature  (Ta).  The  angle  data  indicate  a  significant  domain  alignment 
electrically  induced  deformations  now  and  texturing  for  die  field-induced  case  (iii), 
become  characteristic  of  FE  domain  compared  with  die  thermal  case  (ii),  as  judged  by 
reorientations  (in).  the  relative  intensities  of  die  (444)^  reflection. 


for  PZST  43/7/2  (with  Ta  =  72°Q  as  T  decreases  from  (i)  90°C  to  (ii)  82°C.  Operation  of 
electromechanical  actuators  in  this  temperature  region  would  be  a  serious  problem!  Eventually,  (iii) 
when  T  »  Tp.  the  FE  phase  is  irreversibly  stabilized  and  the  induced  strain  Is  irrecoverable.  Figure  4 
(iii)  illustrates  subsequent  domain  orientation  strains  for  die  FE  phase.  The  irreversible  deformation 
process  can  be  attributed  to  the  lack  of  free  energy  difference  between  the  two  phases  in  the  thermal 
hysteresis  region,  and  the  inability  to  overcome  the  reverse  barrier  AGa  for  strain  recovery.  The 
induced  deformation  strains  can  be  recovered  by  heating  above  Ta  (Ce.,  thermal  depoling),  thus 
demonstrating  a  shape  memory  effect 


(3)  Phase  Identification  and  Texture 


In  shape  memory  alloys  a  preferred  orientation  and  texture  develops  on  application  of  an  applied 
stress.  A  variant  which  favors  strain  elongation  grows  preferentially  with  die  defamation  process. 
This  texture  and  macroscopic  deformation  is  released  on  heating,  and  is  associated  with  strain 
recovery.  Similar  behavior  has  been  observed  for  field-induced  AFE-FE  transformations.  Figures 
illustrates  XRD  data  for  PZST  43/6/2  (Ta=  52  °C,  Tp=16  °C)  which  were  determined  at  room 
temperature  (25  °C).  The  tetragonal  AFE  phase  is  metastable  on  cooling  into  the  thermal  hysteresis 
region.  Figure  5®  indicates  tetragonal  splitting  for  low  and  high  diffraction  angles,  which  can  be 
approximated  by  pseudocubic  (200)c  sod  (222)c  peaks,  respectively.  The  low  angle  data  clearly 
illustrate  tetragonal  (200X  and  (002X  splitting.  On  further  cooling  in  an  ice  bath,  and  after 
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Figure  6.  Field-induced  polarization  and  strains 
for  the  AFE-FE  switching  at  temperatures  above 
Ta  (92  °C).  The  strains  and  polarizations  are 
for  increasing  field  strengths.  The  linear 
dependence  indicates  a  negligible  contribution 
from  electrostrictive  processes  to  the  polarizable 
deformable  behavior  for  AFE  ceramics. 


redetermination  of  the  structure  at  room  temperature,  the  rhombohedral  FE  phase  was  now  found  to 
be  metastable.  The  XRD  data  (figure  5  (ii))  can  now  be  interpreted  in  term  of  a  pseudocubic  (200)c 
peak  which  splits  into  (444)r  and  (400)r  rhombodehedral  peaks  at  high  angle.  On  application  of  an 
electric  field,  the  (444)r  peak  grows  preferentially  (figure  S  (iii))  with  respect  to  the  thermally  induced 
case  (figure  5  (ii)),  indicating  field-induced  reorientation  and  texturing  effects.  After  thermal  depoling 
at  T  >  Ta,  the  subsequent  room  temperature  XRD  data  were  found  to  be  similar  to  figure  5  (i), 
indicating  the  material  had  transformed  back  to  the  AFE  phase.  The  results  are  consistent  with  a 
shape  memory  effect,  which  has  significant  field-induced  macroscopic  strain  and  orientational 
texturing. 


4.  DISCUSSION 


(1)  Electric  Deformations  and  Strain  Recovery  Processes 


Interpretation  of  field-induced  strains  and  deformation  processes  are  somewhat  confused  in  the 
literature  [8,9]  for  AFE-FE  transformations,  especially  for  measurements  taken  close  to  the 
transformation  temperature  and  within  the  field-induced  metastable  thermal  hysteresis  region. 
Previous  work  [9,10]  has  attributed  the  induced  strain  to  an  electrostrictive  effect,  but  this  approach 
cannot  explain  the  positive  strains  observe  n  both  the  longitudinal  and  transverse  directions  [11], 
where  the  transverse  strain  £31  should  be  negative  for  electrostriction  [12].  We  have  consistently 
shown  in  our  work  that  the  field-induced  transverse  strain  £31  is  positive  for  AFE-FE 
transformations.  Our  results  are  coaster'  "ith  (i)  a  positive  strain  associated  with  an  increase  in 
volume  at  the  transformation  and  vu  ■  an  additional  strain  associated  with  field-induced  reorientation 
and  texturing  effects.  Within  the  region  of  netastability  (Ta-Tf),  the  field-induced  transformation 
strain  is  irreversible  (Figure  4  (iii))  ar.a  ind'  pendent  of  field  strength  [2].  Further  analysis  of  field- 
induced  polarizations  and  strains  are  not  ,ons,.'ent  with  an  electrostrictive  effect  Figure  6  illustrates 
P  and  e  at  various  T  and  E  for  PZST  43/8 p  The  linear  dependence  negates  an  electrostrictive  effect 
which  should  have  a  quadratic  dependence  or  P. 


Figure  3  indicates  the  FE  phase  was  fou.  to  be  transiently  metastable  under  dynamic  loading 
conditions  (0.3  Hz)  above  Ef,  but  would  revert  back  to  the  AFE  phase  below  Ea.  Since  the 
spontaneous  polarizations  in  the  sublattice  of  the  AFE  structure  are  coupled  in  an  antiparallel 
manner[2],  the  reverse  transformation  field  strength  (Ea)  can  be  related  to  the  extent  of  sublattice 
coupling  at  a  particular  temperature.  The  sublattice  coupling  weakens  as  T  approaches  the 
spontaneous  transformation  temperature  (Tp).  This  softening  of  the  sublattice  is  indicated  in  figure  4, 
especially  for  (ii),  where  the  coupling  is  so  weak  that  a  strain  minima  occurs  in  the  negative  field 
direction,  i.e.,  strain  reversal  has  to  be  assisted  by  use  of  a  back-switching  field.  Although  stored 
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elastic  strain  energy  and  the  thermoelastic  transformation  may  be  important  for  strain  recovery 
[13,14],  the  present  results  indicate  the  importance  of  the  AFE  sublattice  coupling  for  the  strain 
memory  effect  in  PZST  ceramics  which  have  field-induced  AFE-FE  transformations. 


(2)  Shape  Memory  Effects  and  Ferroic  Materials 


Certain  ferroelectric  ceramics  are  also  ferroelastic  [IS]  in  that  the  orientation  state  of  a  domain  wall 
can  be  moved  to  another  orientation  state  through  application  of  an  electric  field  or  a  mechanical 
stress.  Such  materials  are  potential  candidates  for  shape  memory  effects.  However,  ceramic 
materials  usually  have  small  transformational  strains  and  thermal  hysteresis,  and  superelasticity  and 
shape  memory  behavior  are  rarely  reported.  Although  the  magnitude  of  the  macroscopic  deformation 
and  strain  recovery  is  small  compared  with  shape  memory  alloys,  this  does  not  preclude  the  behavior 
at  the  microscopic  level  in  ferroic  materials,  we  have  indeed  observed  shape  memory  behavior  for 
domain  configurations  in  ferroic  materials  on  thermal  cycling.  Future  work  is  directed  at 
understanding  these  phenomena,  and  maximizing  shape  memory  and  superelastic  properties  for 
potential  device  applications. 
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ABSTRACT 

The  cubic  to  tetragonal  (C/T)  transformation  of  fhix -grown  lead  «t«— «»  single  crystals  has  been  investigated  using 
optical  microscopy  (OM).  transmission  electron  microscopy  (TEM)  and  electron  and  X-ray  diffraction.  Theoretical 
calculations  on  transformation  characteristics  h-v-ed  upon  the  nartcnsiie  erystaHographic  theory  of  Bowles  and  Mackenzie 
were  also  carried  out  Habit  plane  between  ihc  parent  and  the  product  ptoses  were  studied  by  "freezing*  the  two  phases 
during  transformation  using  in- situ  hot- stage  OM.  The  habit  planes  vary  within  a  certain  range.  Not  only  different 
specimens  show  this  real  variation,  but  also  die  same  specimen  under  different  transformations  follows  this,  indicating 
the  importance  of  local  arrangements  near  the  habit  plane  interfaces.  With  only  a  minute  change  of  lattice  parameters  in 
calculations,  it  is  shown  that  experimental  data  appear  to  be  consistent  with  calculated  results,  if  one  considers  lattice 
parameter  variation.  The  results  imply  that  the  martensitic  crystallographic  theory  applies.  Discussions  on  the 
microstnictural  features  as  well  as  previous  work  on  perovskhe  materials  are  presented. 

1.  INTRODUCTION 

The  phenomenological  crystallographic  tkuay  of  martensitic  transformations  [1*31  has  been  applied  successfully  to 
many  metallic  alloy  systems  [4-6],  and  more  recently  to  ceramics  and  other  systems  [7J.  The  Wechsler-Liebennan-Read 
(WLR)  theory  can  be  applied  to  the  cubK-KtragonaKCyi)  phase  Uansilion  of  semiconducting  perovridte-type  crystals  [8], 
which  have  sufficient  free  charge  available  to  provide  a  termination  far  the  spontaneous  polarization  at  the  interface.  On 
the  other  hand,  crystals  with  high  resistivity,  though  showing  sharp  first  order  phase  boundaries,  were  reported  not  to 
follow  theoretical  predictions  [9.10],  Supposely.  the  reason  far  this  is  that  the  free  charges  present  in  (semi*)conducting 
crystals  neutralize  the  bound  polarization  charges  inside  the  crystal.  Whereas  in  highly  insulating  crystals,  the  absence  of 
free  charges  imposes  the  restriction  that  phase  boundaries  be  free  of  any  exess  polarization  charge.  The  accumulated 
polarization  charge  at  a  phase  boundary  results  m  stored  electrical  energy  which  dominates  the  crystallographic 
characteristics  once  it  prevails.  However,  the  evidence  here  to  thin  because  no  ocher  crystallographic  data  were  used  other 
than  very  limited  habit  plane  data. 

Lead  titanate  has  a  ferroelectric  phase  tansition  temperature.  Tc.  near  300*  C  [11,12],  is  cubic  above  Tc  and  exhibits  a 
strong  tetragonal  distortion  at  20*C:  c/a-- 1  06  which  persists  up  loTc  (e/a*U)l)  [13.14].  The  lattice  constant  a  increases 
smoothly  upon  heating,  while  the  constants  e  and  eh  decrease.  AtTc,  canda  change  abruptly  and  (he  structure  becomes 
cubic.  Since  the  volume  of  the  unit  cell  decreases  sharply  as  a  result  of  this  transition,  the  linear  expansion  coefficient  of 
a  polycrystalline  sample  is  negative  below  Tc  [11*14].  The  transformation  is  first  order  [9].  PbTtO}  single  crystals 
present  a  highly  polar  structure  with  very  high  spontaneous  polarization  in  the  peroyskite  family  [11,12,13].  Because  of 
its  large  tetragonality  and  detectable  negative  volume  change  near  Tc.  PbTiQ}  provides  a  more  sensitve  indication  of  the 
role  of  lattice  variation  during  transformation.  In  this  paper,  we  present  calculations  based  upon  the  theory  of  Bowles  and 
Mackenzie,  and  the  comparison  with  experimental  data  to  verify  the  appplicability  of  the  phenomenological 
crystallographic  theory  to  this  perovskite  system. 
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2.  EXPERIMENTAL  PROCEDURE 

PbTi03  ays'll*  were  grown  [17]  by  slow  cooling  from  a  flux,  containing  KF,  Pb304,  PbF2,  KBF4,  and  Ti02  in  a  50 
cc  platinum  crucible,  as  described  in  our  previous  work  [18],  The  as-grown  crystals  were  mostly  cubic  in  shape  or 
elongated  cubic  or  orthogonal  forms  and  show  a  transparent  amber  tint  Transformation  characteristics  were  studied  using 
hot-stage  optical  microscopy  and  conventional  transmission  election  microscopy.  Specimen  preparation  was  described 
elsewhere  [18].  The  specimens  used  were  high  quality  crystals  with  sharp,  flat  ( 100}  surfaces  and  the  microscope  used 
was  a  Nikon  UM-2.  The  specimens  were  investigated  using  polarized  light  and  put  in  a  heating  stage  designed  to  control 
the  temperature  profile  quickly  and  to  ‘freeze*  phase  boundaries.  TEM  investigations  were  conducted  using  a  Hitachi 
H800  microscope  at  200KV  with  a  double- tilt  specimen  holder. 

A  computer  program  [16]  based  upon  the  Bowles-Mackenzie  formulation  [2]  was  used  for  the  phenomenological 
calculations.  The  latticee  correspondence  was  assumed  with  the  c-axis  of  the  tetragonal  structure  deriving  from  either  the 
j-,  b-,  or  c-axis  of  the  cubic  parent.  Experimental  lattice  parameters  of  the  parent  and  martensite  phases  at  Tc  are  based  on 
those  of  Suchicital  et  al[17];  0-3.961A,  C-4.012A  and  flo»3.972A  were  used  in  the  present  work. 

3.  RESULTS 

3.1  Experimental 

The  inhomogeneous  shear  was  introduced  as  internal  twins  in  the  tetragonal  phase  of  PbTiQj  crystals.  A  ferroelectric 
material  has  regions  where  the  magnitude  and  direction  of  the  polarization  are  the  same  in  each  region,  though  the 
polarization  may  differ  in  orientation  in  neighboring  regions.  These  regions  are  ferroelectric  domains  separated  by  domain 
boundaries.  From  symmetry,  there  are  two  types  of  domain  boundaries  in  PbHOj:  90*  and  180°  boundaries.  The  angles 
refer  to  the  angle  between  the  domain  polarization  vectors  on  either  side  of  the  boundary.  From  a  [100]  orientation  two 
different  morphologies  of  90*  domain  boundaries  are  usually  seen.  One  is  straight  with  sharp  images,  and  the  other 
shows  wavy  morphology  and  fringe  contrast.  From  a  crystallographic  viewpoint,  a  90*  domain  boundary  is  a  twinning 
plane  between  two  adjacent  domains.  Figure  1(a)  and  (b)  shows  TEM  images  of  a-c  and  a-a  domains.  The  symmetrical 
diffraction  reflections  [18]  imply  that  the  two  adjacent  domains  are  twin-related.  The  ratio  between  the  parent  (wider 
domains)  and  the  twin  (thinner  domains),  x,  was  measured  from  a  number  of  edge-on  configurations.  Ordinarily,  volume 
fractions  of  the  matrix  and  twin  give  an  average  x  value.  Here  we  consider  local  lattice  purturbation,  and  measure  x  values 
at  different  regions.  The  x  values  vary  from  case  10  case  with  a  range  from  12  to  3  J.  For  instance,  the  x  ratio  in  figure 
1(a)  is  3.06  and  in  figure  1(b)  is  1.43.  The  twinning  plane.  Ki,  in  both  a-a  and  a-c  type  domains  is  (110).  The 
corresponding  schematic  model  showing  atomic  arrangements  are  in  figures  1  (c)  and  (d).  Figure  1(c)  clearly  shows  that 
the  twinning  direction.  ffj,  is  along  a  <U0>  type  direction  due  to  the  tetragonal  distortion.  The  invariant  plane,  K2.  is 
the  { 1 10]  plane  which  is  the  other  diagonal  plane  of  the  tetragonal  cell.  Figure  1(d)  shows  how  the  twinning  magnitude 
was  calculated;  it  can  also  be  determined  from  splitting  in  an  a-a  domain  diffraction  pattern  or  from  x-ray  data.  The 
twinning  magnitude  of  the  present  crystals  is  0.115  at  room  temperature  and  0X1236  at  Tc- 

Transformation  characteristics  were  partly  derived  by  in-situ  hot  stage  optical  microscopy.  Figure  2(a)  shows  a  single 
interface  type  transformation.  This  is  a  typical  habit  plane  (or  phase  boundary)  in  a  PbTiCtj  crystal  during 
transformation  seen  using  polarized  light.  The  boundary  is  sharp  and  straight  with  an  angle  about  30*  from  [010].  This 
sharp  boundary  implies  that  it  is  almost  in  an  edge-on  position.  One  can  easily  distinguish  the  cubic  phase  by  rotating 
the  cry:  ul;  it  becomes  extinct  because  of  isotropy.  One  notes  that  the  contrast  near  the  boundary  is  different  from 
regions  farther  away,  indicating  that  a  local  distortion  exists.  This  distorted  region  appears  to  vary  case  by  case.  For 
instance,  the  intersection  of  two  interfaces  shows  a  broader  contrast  region;  the  contrast  near  the  specimen  center  may  be 
different  from  that  of  the  edge.  Figure  2(b)  shows  another  single-interface  transformation  in  which  the  phase  front  is  not 
straight.  One  notes  that  patches  of  bright  bands  form  in  the  cubic  region  before  the  phase  front  passes  through  and  the 
slope  of  the  phase  front  varies  at  each  bright  and  dark  region,  indicating  the  influence  of  lattice  parameter  variation. 
Brighter  patches  often  show  up  in  the  cubic  region  before  the  habit  plane  approaches  it  if  a  slow  healing  or  cooling  rale 
is  used,  suggesting  some  local  perturbation  in  the  crystal.  In  the  tetragonal  region,  one  also  sees  a  non-uniform  contrast 
distribution,  indicating  birefringence  variation  which  is  closely  related  to  the  lattice  parameter  variation  as  well.  Other 
factors  changing  the  original  habit  plane  configuration  have  been  reported  elsewhere  [18],  Other  single  crystals  were 
also  used  to  measure  the  habit  planes.  We  found  that  the  habit  plane  appears  to  vary  from  crystal  to  crystal;  and  more 
interestingly,  the  same  crystal  may  show  a  habit  plane  deviated  from  a  previous  one  or  even  change  orientation  during 
phase  front  movement.  The  results  indicate  that  the  habit  planes  vary  from  about  23*  to  about  40*  from  a  ( 100)  plane, 

3.2  Calculations 

The  crystallography  of  the  C/T  phase  transformation  was  analyzed  using  a  computer  program  brsed  upon  the  Bowles- 
Mackenzie  formulation  [2],  In  the  present  case,  we  assume  transformation  is  from  cubic  to  tetragonal.  There  are  three 
ways  to  assume  the  lattice  correspondence,  i.  e.  the  c-axis  of  the  tetragonal  phase  Is  derived  from  either  the  b-,  or  c- 
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(a)  a-c  type  domains  tilted  to  a  [1  U]c  zone  show  edge-on  configuration  used  to  measure  matrix/twin  ratio;  0 
a-a  domains  at  a  <100>c  zone  showing  ( 1 10}<1 10>  twinning  systems  and  a  different  matrix/twin  ratio;  (t 
atomic  model  describing  twinning  relation  in  (b);  (d)  scheme  used  for  twinning  shear  magnitude  calculation. 
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Figure  2  Micrographs  showing  phase  fronts  during  C/T  transformation,  (a)  a  typical  C/T  boundary  showin 
birefringence  difference  at  tetragonal  side  due  to  strain  field;  (b)  distorted  phase  front  in  a  lattice  purturbatio 
region  (black  and  bright  patches)  due  to  local  lattice  parameter  variation. 
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axis  of  the  cubic  phase.  However  for  a  ferroelectric  material  pnt—tv-tw  fe  involved  in  the  e  direction,  which  is  also  a 
direction  of  the  anion  displacement.  Therefore,  the  e-axis  of  the  tetragonal  phase  along  positive  or  negative  a-axis 
directions  represent  different  meaning.  So  fere  are  six  lattice  correspondences  ia  total.  The  lattice  invariant  shear  plane 
was  assumed  to  be  a  ( UOJcphme  since  Ms  is  the  observed  twinning  plane  aafagTEM.  There  is  only  one  shear  direction 
in  a  twin  plane  which  produces  the  twin  stracane.  and  there  are 
four  possible  twin  planes  per  lattice  correspondence;  Therefore 

the  total  number  of  lattice  invariant  shear  systems  is  twenty  .  - 

four.  The  lattice  correspondences  (LQ  and  lattice  invariant  .  33 

thear(LIS)  systems  in  PbTi03  were  reported  ia  ref.  18.  Since  1  0.999159  1.001052 

PbTK>3  has  a  negative  linear  expansion  coefficient  (therefore  I*  1.002104 

negative  volume  change)  below  Tc,  and  dm  lattice  parameter  e  2  0.9988317  1.003157 

increases  and  a  decreases  as  ihe  temperatare  decreases,  we  can  2)1  1.004209 

derive  3  0.997475  1.005261 


On 

O33 

Jv 

1 

0.999159 

1.001052 

1  - 
l  j 

la 

1.002104 

1  • 
l  : 

2 

0.9988317 

1.003157 

•  1 

2a 

1.004209 

•* 

3 

0.997475 

1.005261 

i 

3a 

1.006313 

1 

4 

0.996633 

1.007365 

4a 

1.008417 

i 

5 

0.995791 

1.009470 

5a 

1.010522 

,.v 

6 

0.994949 

1.011574 

•r 

) 

6a 

1.012626 

(«/ao)‘(£/ao)>l.  when  C~>T  (1)  - 

That  is.  the  increasing  value  of  cfaQ  is  greater  than  that  of  ,  U.woojj 

2  4ft  1 .008417 

(a/a0)  .  Considering  the  lattice  parameters  of  PbTi03  j  0.995791  1.009470 

carefully.  Lie  Tattice  parameters  at  Tc*  derived  by  X-ray  may  j,  1.010522 

1»  different  from  those  when  trensformate  actually  ocean.  6  0.994949  10)11574 

since  the  transformation  occurs  swiftly  and  the  x-ray  ^  10)12626 

measurements  are  not  real-time  and  are  average  in  natnae.  We  ; 

need  to  consider  the  loral  lattice  contfiriona.rech  as  real  lattice  Tablel  Princqnl  (fistortions  employed  for  calculations 
psraxneters  woes  trftmfofBMPOft  occurs,  Ifttticci  pcvttVntftOBft* 
inhomogeneity,  etc.  However,  we  do  not  know  the’reaT  eondl 

•tions  at  the  habit  plane  at  transformation,  bet  can  nrhnate  the  principal  strains  as  follows.  Based  upon  the  lattice 
constants  mentioned  before  and  equation  (1),  the  ranges  of  *1]}  and  ^33  are:  1  >1lii  >  0.994949  and  1  <  ^33  < 
1D12626.  The  values  of  Hu  and  B33  can  he  assumed  with  a  small  increment  within  the  limit  (Table  1).  We  calculate  a 
possible  set  ofarystallographic  dam  by  hohfingf||i  constant  fluw^)  and  vasying^j.  Other  calculations  proceeded 
using  different  combinations  of  *>d  B33.  We  somarize  two  sets  of  calculations  using  LC I  and  LIS  system  (101) 
iToi]  to  show  the  general  character! sues  of  the  calculated  crystallography,  as  listed  hi  Table  2.  Here  we  list  principal 
distortion  combination  code  (PDCX  the  two  numbers  represent  the  principal  distortions  and  ^33  used  for  calculation, 
as  in  Table  1).  magnitude  of  strains  raj  and  m2,  habit  plane  aarmal  pi,  (Erection  of  shape  strain  dj  and  the  angle  of  the 
habit  plane  from  a  (100)  plane.  Since  we  know  that  there  it  a  volume  increase  from  cubic  to  tetragonal,  data  with  V/Vo 
smaller  than  1  are  ignored.  On  the  other  band,  we  can  estimate  the  other  limit  from  the  volume  change  during 
transformation.  Using  available  x-ray  data  [17],  the  V/Vo  is  calculaled  at  1.0045.  indicating  that  the  suitable  principal 
distortion  combination  in  one  set  of  data  ranging  from  22a  to  24a  and  the  corresponding  calculated  habit  planes  show 
about  27*  to  40*  from  a  ( 100)  plane;  die  other  set  shows  a  similar  trend  except  for  the  smaller  range  of  data  points  due  to 
limited  input  data.  We  find  that  die  habit  plane  allows  the  same  tendency  far  each  set  of’ljj  and  ^3.  That  is,  the  habit 
plane  scatters  linearly  over  a  range,  and  is  very  sensitive  10  the  relative  values  of  Cto-iyClu'!),  U.,  the  principal 
strains.  A  comparison  of  experimental  and  calculated  data  shows  that  the  calculated  data  can  explain  the  habit  plane 
variation  in  experiments.  Moreover,  if^n  is  different  bom  Ae  habit  plane  normal  may  deviate  sideways  from  the 
{001  ) -(01 1 )  zone  which  explains  the  lateral  scatter  of  experimental  drta  [18J. 

The  calculated  shape  strain  magnitude  mi  k  about  one  tenth  to  one  twentieth  that  in  ferrous  martensitic  transformations. 
This  may  be  one  of  the  reasons  why  we  can  see  no  obvious  bending  of  fiducial  lines.  The  experimental  m2  value  was 
calculmnd  based  upon  equation  [19] 

»2-  s  (x-iy(x+l)  (2) 

and  the  parcntAwin  ratio  x  and  twinning  magnitude  derived  from  experiments  are  1.2 <x <3 .5  and  0.0256  respectively. 
The  m2  value  is  therefore  calculated  as  0.00284<m2<0.01421.  which  fits  theoretical  values.  Therefore,  it  appears  that 
the  theoretical  calculations  are  consistent  with  experimental  results  quite  well  if  we  consider  a  lattice  parameter 
puruutaiion. 


4.  DISCUSSION 


It  has  been  suggested  that  the  WLR  theory  should  apply  10  penmkite-type  ferroelectric  crystals  (3).  DiDomenico  and 
Wemple  [8]  presented  evidence  on  semiconducting  perovskiie-type  crystals  showing  habit  planes  quantitatively 
explainable  in  terms  of  the  theory.  However,  crystals  with  high  resistivity  did  not  always  show  predicted  habit  plane 
normals  (9,10],  Thus,  it  has  been  thought  that  the  C/T  transformation  in  perovskite  crystals  with  high  resistivity  can 
not  be  classified  in  the  family  of  martensitic  transformations  (20).  However,  the  microstructural  characteristics  of 
PbTi03  during  C/T  transformation  have  shown:  (i)  reversible  surface  upheavals;  (U)  irrational  habit  planes;  (HO  »  One 
inhomogeneous  structure  (twinning);  (!v)  all  atoms  mere  leu  than  an  interatomic  distance;  (v)  the  transformation 
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process  is  dearly  fint  order,  fthteugh  the  pceciae  nritnmrinp  rrhiinaaMp  brm  tra  On  la  ophaaM  is  ant  ydtsdvcly 
determined  h  ite  putM  npoimcK,  itc  rehritnisliip  between  dw  principal  no  is  bed  pMM  is  osBy  dtwedt  tfan  is> 
tteiteflrtwfwwtgttii  AH  these 

gystaflofraphic  features  fail  within  ifac  rlasstfimsoa  scfetaac  far  — gaMBc  «—sfat— news  [21.221. 

During  ite  C/T  transformation  in  PMT03.  several  feataaca  weae  observed.  Mm  lipifrwf?.  w«  d  ilerfirrt 
(habit  phasfl  show  diarg.sBaight  fint  oaterptean  boundaries  which  scaterwjdda  a  ratten  range.  Did  ana*  show  bright 
ind  broader  (dyt  Tf  we  comider  this  fan  >  tfww  dhwwioMi  fpMiwfliwL  ht  Mpfcchgy  rf  In  hgbit  phn  de 
on  the  viewing  dfaection.  As  (ftsnissr  i  [If],  inarpsnanoa  in  dda  way  esphisedUwQrptelrgy  of  habtspbaes  observed 
in  PtiTiO}  hiriy  well,  and  tte  habit  plane  dbaribariaa  can  be  fit  teds  dMosasical  cafcahrioae  spaa  coarideriag  local 
lattice  parameter  pertmtedoae.  However,  previoas  woriks  ob  NTIOs  dafaad  dMt  fa  aoaaa  Ugh  eeetetvky  BaTK>3 
crystals  thaQTpbacc  boundary  is  of  the  WLR  type,  bat  maarary  la  dWotmieaipmdfcriBnc  [MO).  Ttepteaa  Kaaskioa 
»  about  20  BdTK)}  single  crystals  wa*  investigate*  atoat  30%  of  dfc  cryauh  aahhted  pteaa  boamhrics  at  angles  very 
dose  id  itat  predicted  by  theory;  60%  of  tteai  showed  a  banal  phase  boaodvy  appaoBteeacbp  pespeodkahr  id  ite  W 
domain  walls  of  the  *c  domain  structure  aad  Ite  rcaiaaHag  10%  dMDpad  teas  cubic  ID  leacqpael  via  a  broad  aad 
complicated  square  act  patten*  [10),  la  ad  cases  die  »-c  donate  ssraesaaa  was  dearly  «UUa  i%M  ap  id  dtt  phase 
boundary  and  a  straia  patter*  with  die  Mac  period  as  dfc  »e  donahs  aracteB  woe  chatty  vWMe  h  dm  cable  phase  on 
ite  high  lempcratura  side  of  ite  boundary.  Reviewing  ptevioaa  mate  caadady.  wo  ace  dte  dte  sanation  la  BaTiO)  is 
quite  similar  to  that  ia  PWTIO3.  Bcridca  dte  30%  habit  phaa»  which  titeetitepatssritesBaad  ana  conriocatwhfc  dte 
theoretical  calculations,  ite  60%  habit  planes  approaaaawly  perpeadkdar  id  he  90*  domata  waBs  of  dte  k  doaiaia 


roc  nyy  v/vo  an 

aohdoa  t 

21  no  solution 

21a  1.002104  99*735  402101 

22  1.003157  5997*3  503152 

22a  1404209  1400*32  404202 

23  1405261  !401S*0  405252 

23a  1406313  1.002929  406302 

24  1.007365  1.003977  407353 

24a  1408417  1.005026  40*403 

25  1.009470  1.006075  409454 

25a  1410522  1.007123  410504 

26  1511574  1.00*172  411555 

26a  1412626  1.009220  412605 

solution  2 

21  no  solution 

21a  1402104  .998735  402101 

22  1.003157  .999783  403152 

22a  1.004209  1400832  .004202 

23  1.005261  1.001880  405252 

23a  1.006313  1402929  406302 

24  1.007365  1.003977  407353 

24a  1.008417  1.005026  408403 

25  1.009470  1.006075  409454 

25a  1.010522  1.007123  510504 

26  1511574  1.008172  411555 

26a  1.012626  1.009220  412605 

solution  1 

65  1.009470  0.999298  409422 

65a  1.010522  1.000340  .010469 

66  1411574  1.001381  411516 

66a  1412626  1.002422  512562 

solution  2 

65  1.009470  0.999298  409422 

65a  1.010522  1.000340  410469 

66  1.011574  1401381  511516 

66a  1.012626  1402422  4I2S62 


*n  n 


403369  403662  J95004  -44800 
403369  .402431  .730*53  -4*2959 
403369  4024-2  432483 -.774571 
403369  4020*1  465556-424707 
403369  401989  416164  -136487 
403369  40192*  477759 '178*09 
403369  401887  4467*9 -JM63S 
403369  401165  42U10-J0700* 
403369  401*41  499397-116776 
403369  401*27  4*0715-124691 
403369  401*11  464419  -131233 


403369  403662 -J9SOO*  -4460*2 
403369  402*31  -.730*53  -4*2959 
403369  4022*2  -4324*3  -.774571 
403369  4020*1  -465556  -12*707 
403369  401969 -516164 -1564*7 
403369  40192* -477759 -17*4*9 
403369  401887  -446799  -19463* 
403369  401*65-421110-10700* 
403369  401841 -399397  -116776 
403369  401*27  -380715  -124691 
403369  401811  -564419-531233 


510128  407471  .731373  -4*1973 
410128  407068  493670  -.720258 
410128  406786  461224 -.750158 
510128  406571  432915 -.774194 

410128  407471  -.731373  -481973 
410128  407068  -493670  -.720258 
510128  406786 -461224 -.750158 
410128  406571  -432915  -.77419* 


d*  Angle 

OoasOOl 

403896 -J99370 -445307  635 

402*78  -.731559-48177*  465 

402185 -4340*8 -.773291  39.2 

400019  -567579  -423316  344 

401967  -51*553  -J55044  31.1 

401914  -480*66  -577011  285 

401882  -4*9790 -J93I32  265 

401853-424381-5054*2  245 

401137 -402915 -515236  235 

401819  -38*475  -523133  224 

401810-568392-529669  214 


403896  J9S370 -4*5307  635 

400*78  .731559-48177*  465 

402185  4340*8 -.773291  395 

400019  567579  *523316  34 4 

401967  518553-555044  31.1 

401914  480*66-577011  285 

401882  4*9790-593132  265 

401853  424381  -505482  245 

401837  402915-515236  235 

401819  584475-523133  224 

401810  568392-529669  214 


407428  -.734569  -57*493  475 

407029 -49742* -.716620  445 
406750 -465490 -.746376  41.7 
406544  -43766*  -.7702*3  395 

407*2*  .734569-47*493  475 

407029  497428 -.716620  445 

406750  465490  -.746376  41.7 

406544  437668 -.770283  394 


Tabic  2  Calculated  crystauograpbic  results  of  two  sets  of  principal  (fasertions  (On  «0.9988317)  Bring  LC1-L131. 
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structure  are  actually  parallel  to  a  (100)  plane  since  the  trace  of  a-c  Jomain  boundaries  should  be  parallel  to  a  (100) 
plane,  which  can  be  derived  viewing  from  the  other  two  directions  which  count  2/3  of  die  definable  habit  planes,  just  like 
60%  out  of  90%  in  earlier  experiments.  We  see  no  complicated  square  net  patients  in  PbTiOs  and  therefore  it  is  difficult 
to  compare  the  remaining  10%  habit  planes.  It  seems  that  the  inconsistency  in  previous  works  comes  from  ignoring 
three  dimensional  considerations. 

Although  the  transformation  strain  of  PbT«03  is  quite  small,  from  Table  2,  compared  to  ferrous  alloys,  a  small  change 
in  the  relative  values  of  die  principal  strains  introduces  a  dramatic  shift  of  the  habit  plane.  That  is,  the  tetragonality  of 
the  C/T  transformation  is  the  major  factor  determining  the  crystallographic  characteristics.  The  tetragonality  can  be 
affected  by  impurity,  structural  inhomogeneity.  temperature  perturbation,  strain  conditions,  etc.  Crystals  used  in  the 
present  case  offer  a  good  example.  It  is  thus  clear  that  even  a  very  snail  perturbation  on  lattice  distortion  during 
transformation  will  shift  the  habit  plane.  This  it  evidenced  by  the  shift  of  the  tame  phase  front  at  different  positions 
during  transformation  (figures  6  (cMe)  in  ref.8).  This  coukkntkn  may  explain  die  scattering  nature  of  the  habit  plane 
normals  observed  in  experiments. 

5.  CONCLUSIONS 

The  cubic  to  tetragonal  phase  transformation  in  Pb7ft>3  crystals  shows  martensitic  characteristics.  The  phase  front 
passes  swiftly  through  the  crystal;  aurihce  relief  accompanying  die  transformation  is  also  seen.  The  twinning  system 
involved  has  been  identified  as  a  compound  twin  in  the  tetragonal  phase  of  (110)<110>type.  The  phase  boundaries 
(habit  planes)  were  ’frozen'*  by  controlling  the  temperature  profile.  It  was  found  that  the  habit  planes  vary  within  a 
certain  range.  Not  only  did  different  specimens  show  this  phenomenon,  but  also  the  same  specimen  under  different 
transformations  also  follows  this,  indicating  the  importance  of  local  lattice  parameter  near  the  interfaces  during 
transformation.  Theoretical  predictions  with  varying  principal  distortions  show  that  experimental  data  appear  to  be 
consistent  with  calculated  results,  if  one  considers  the  effect  of  local  lattice  puftmbetions  during  transformation.  The 
results  show  a  certain  degree  of  consistency,  which  imply  that  the  phenomenological  martensitic  crystallographic  theory 
may  apply  to  perovskite  materials. 
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Abstract 

Instead  of  viewing  the  domain  structures  as  a  simple  combination 
of  90  and  180  degree  domains,  a  different  concept  of  habit  plane  variants 
is  proposed  to  redefine  the  domains  in  ferroelectric  lead  titanate  crystals. 
Habit  plane  variants  from  martensitic  theory  refer  to  the  invariant 
(undistorted  and  unrotated)  interface  plane  which  separates  the  two 
phases  during  transformation.  The  cubic  to  tetragonal  transformation  in 
lead  titanate  exhibits  the  characteristics  of  a  martensitic-type 
transformation,  and  thus  domain  structures  may  be  connected  to  the 
habit  plane  variants.  In  order  to  define  habit  plane  variants,  lattice 
parameters  for  lead  titanate  obtained  from  high  temperature  x-ray 
diffraction  were  used  in  calculations.  According  to  the  calculations,  there 
are  total  of  twenty-four  habit  plane  variants.  The  domain  structures 
based  upon  these  variants  are  considered.  The  concept  of  habit  plane 
variants  thus  gives  the  twinning  and  domain  structures  in  lead  titanate  a 
direct  relationship  to  the  phase  transformation. 


2 


1.  Introduction 

The  cubic-to-tetragonal  transformation  in  lead  titanate  resembles  a 
martensitic  type  transformation  in  many  respects.  Lead  titanate  has  a 
cubic  symmetry  at  high  temperature  (>  500  C)  while  it  goes  through  a 
transformation  to  the  tetragonal  phase  at  490  C.  This  transformation,  as 
studied  by  Fesenko  et  al.  [1]  [2],  shows  several  characteristics  of  a 
martensitic  transformation.  A  schematic  diagram  representing  two  of  his 
results  is  redrawn  in  Fig.  1.  In  general,  the  nature  of  the  tetragonal/cubic 
interface  in  a  given  crystal  depends  on  the  direction  of  the  temperature 
gradient.  A  single  interface  transformation  results  (Fig.  1(a))  when  grad  T 
is  parallel  to  the  interface  normal.  The  indices  of  such  an  interface  are 
{320},  and  stacks  of  parallel  "90°  twins”  with  {110}  twin  plane  are  created 
in  the  tetragonal  phase  behind  the  interface.  On  the  other  hand  if  grad  T 
is  parallel  to  the  mean  phase  front  normal,  this  results  in  a  succession  of 
wedges,  each  facet  of  which  corresponds  to  a  {320}  plane,  e.g.,  (023)  and 
(320),  and  the  wedge  segments  are  separated  by  {110}  planes  as  shown 
in  Fig.  1(b).  In  metallurgical  terminology  Figs.  1(a)  and  (b)  would 
correspond  to  single-interface  and  spear-type  martensite,  respectively. 
Given  that  the  tetragonal/cubic  interface  is  normally  macroscopically 
planar,  Fesenko  et  al.  [1}  argue  that  such  a  front  shape  suggests  that  the 
elastic  energy  of  the  front  is  predominant  over  an  electric  contribution. 
They  further  noted  that  the  twin  boundaries  in  the  tetragonal  phase  could 
be  removed  by  the  application  of  an  appropriate  mechanical  stress  (~3  0 
kg/cm  ).  Although  it  is  still  not  clear  if  the  tetragonal  substructure 
(twinning)  is  due  to  transformation  twins,  the  observed  interface  plane(s) 


was  found  to  be  in  good  agreement  with  calculations  using  martensite 
crystallographic  theory  [2]. 

Domain  structures  in  lead  titanate,  which  were  suggested  [1]  [2]  to 
be  due  to  the  transformation,  can  be  categorized  into  several  types.  Hu  et 
al.  [3]  found  that  there  are  only  four  different  domain  boundaries  in  a 
tetragonal  ferroelectric  material:  90  degree  a-c  and  a-a,  and  180  degree 
a-a  and  c-c  domain  boundaries.  Some  basic  definitions  of  these  domains 
and  domain  boundaries  are  given  in  the  Appendix.  It  was  observed  that 
different  image  contrasts  from  these  domains  [4]  may  be  developed  when 
the  samples  are  etched.  Using  optical  microscopy,  different  domain 
boundaries  can  be  distinguished.  90  degree  a-c  domains  show  more 
contrast  than  90  degree  a-a  domains.  Similarly,  180  degree  c-c  type 
domains  exhibit  more  contrast  than  180  degree  a-a  domains.  These 
domain  boundaries  are  not  formed  separately.  180  degree  domain 
boundaries  may  sometimes  be  found  within  the  90  degree  domains. 

Viewing  domains  in  a  large  scale,  one  finds  some  interesting  domain 
patterns  in  lead  titanate:  parallel  bands  [5],  herringbones  [6],  and  more 
complicated  "square  net"  types  [7],  Domain  patterns  like  parallel  bands 
are  usually  observed  on  the  as-grown  crystal  surface,  especially  when  a 
fast  cooling  rate  is  used  after  the  termination  of  effective  crystal  growth. 
Figure  2  shows  a  typical  pattern  of  parallel  bands  after  a  crystal  growth 
run  using  a  cooling  rate  of  100  °C/hr  through  the  transformation  region. 
As  will  be  shown  [8]  the  structures  of  these  bands  consist  of  alternating 
90  degree  a-c  and  a-a  type  domains.  It  is  noted  from  Fig.  2  that  90  degree 
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a-c  domains  show  more  contrast  than  90  degree  a-a  domains.  The  sizes  of 
these  bands,  as  seen  from  Fig.  2,  are  between  20  to  100  pm.  The  fine 
lamellae  within  each  band  are  the  traces  of  twin  planes,  as  marked  by  "t", 
whereas  the  planes  which  separate  these  bands  are  the  junction  planes*, 
as  indicated  by  "j".  It  is  also  found  that  there  are  some  180  degree 
domain  boundaries  formed  within  these  (90  degree  domain)  bands. 
Herringbone  domains,  on  the  other  hand,  also  show  parallel  bands  and 
fine  lamellae,  as  shown  in  Fig.  3.  But  these  bands  run  45  degrees  with 
respect  to  the  usual  parallel  bands,  while  the  fine  lamellae  within  the 
bands  intersect  the  junction  planes  at  45  degrees.  As  we  reported  [9]  the 
fundamental  structures  of  a  herringbone  consist  of  90  degree  a-c  type 
domains  and  the  fine  lamellae  are  (101)  twin  planes.  Square  net  type 
domains,  which  will  not  be  considered  here,  are  formed  by  the 
intersections  of  parallel  bands. 

It  is  the  purpose  of  this  paper  to  use  the  concept  of  habit  plane 
variants,  taken  from  martensitic  theory,  to  redefine  the  domain 
structures  in  ferroelectric  lead  titanate  materials.  Instead  of  viewing  the 
domains  in  lead  titanate  as  a  simple  combination  of  90  and  180  degree 
domains,  the  domains  observed  should  be  martensites  if  the 
transformation  follows  the  martensitic  theory.  A  theoretical  martensitic 
calculation  was  conducted  to  define  the  habit  plane  variants,  which  were 
then  compared  with  the  experimental  observations  [8].  To  use  the 
martensitic  theory,  lattice  parameters  of  lead  titanate  [10]  around  the 

♦Junction  planes  may  be  regarded  as  impingement  planes  between  different  habit 
plane  variants. 


transformation  region  measured  by  high-temperature  x-ray  diffraction 
were  employed  in  the  calculations.  The  detailed  structures  of  various 
domain  patterns  were  revealed  by  using  electron  back  scattering  patterns 
(EBSP)  in  an  SEM.  The  results  and  the  fundamental  mechanisms  of  EBSP 
are  reported  in  another  paper  [8]. 

2.  Cubic-to-Tetragonal  Transformation 

The  cubic-to-tetragonal  transformation  of  lead  titanate  is 
characterized  by  high  temperature  x-ray  diffraction  from  which  the 
temperature  variation  of  lattice  parameters  for  both  phases  can  be 
extracted.  Shirane  et  al.  [10]  studied  the  transformation  by  using  the 
Debye-Scherrer  technique.  In  their  studies,  powder  samples  were  sealed 
in  a  thin  capillary  tube,  then  inserted  into  a  hot  stage  in  the  Debye- 
Scherrer  camera.  The  temperatures  of  the  hot  stage  were  controlled  to 
ramping  up  to  535  C.  A  much  finer  temperature  interval  near  490  C  was 
used  to  monitor  the  behavior  of  the  transformation.  Lattice  parameters 
extrapolated  from  (143),  (134)  and  (422)  peaks  in  the  back  reflection 
region  are  shown  in  Fig  4.  It  is  noted  that  the  crystals  went  through  a 
cubic-to-tetragonal  transformation  at  490  C.  Lattice  parameters  near  the 
transformation  for  both  phases,  ac=3.958  A,  at=3.942  A  and  Ct=4.011  A, 
are  taken  for  the  martensitic  calculations  in  the  following  section. 

* 

3.  Martensitic  Transformation  and  Habit  Plane  Variants 


Martensitic  crystallographic  theory,  either  by  Bowles-Mackenize 


(BM)  [11]  or  Wechsler-Lieberman-Read  (WLR)  [12],  describes  the 
crystallographic  relations,  the  habit  plane,  and  the  macroscopic  shape 
deformation  from  only  the  lattice  parameters  of  the  two  phases  in  a 
transformation.  The  transformations  of  some  metal  alloys,  such  as  Au-Cd, 
Fe-Ni,  In-Tl,  ...etc.,  have  been  successfully  examined  by  using  the  theory. 
It  is  generally  agreed  from  the  experimental  observations  that  during  a 
transformation  there  is  an  invariant  habit  plane,  which  is  undistorted  and 
unrotated,  between  the  two  phases.  A  pure  Bain  deformation  alone  does 
not  result  an  invariant  plane.  The  condition  that  the  habit  plane  be 
invariant  can  only  be  satisfied  when  a  lattice-invariant  deformation  (an 
inhomogeneous  shear),  in  addition  to  a  small  rotation,  is  included  in  the 
transformation  deformation.  This  lattice-invariant  deformation  may  be 
accomplished  by  forming  either  a  twin  or  a  slip  substructure  in  the 
martensite  phase. 

It  is  not  uncommon  to  observe  a  martensitic  transformation  with  no 
apparent  habit  plane.  In  three  of  the  most  classical  metallurgical  cases 
studied,  Au-Cd  [13],  In-Tl  [14],  and  Mn-Cu  [15]  the  structure  is  completely 
martensitic  at  room  temperature  and  usually  one  sees  the  martensite 
internal  twins  and  certain  planar  traces,  the  latter  corresponding  to 
junction  planes  between  habit  plane  variants,  the  habit  planes  passing  out 
of  the  crystal  as  it  were.  The  simplest  example  here  is  the  well-known 
single  interface  transformation  in  Au-47.5%Cd  crystals  transformed  in  a 
temperature  gradient  where  a  single  variant  of  martensite  is  nucleated 
and  grows  by  the  passage  of  a  single  interface  from  the  cool  end  to  the 
warm  end  [13].  After  transformation  is  complete  all  that  there  is  left  to 


see  are  the  martensite  transformation  twins. 


Phase  transformation  in  lead  titanate  follows  the  same  picture. 
Single-interface  transformation  brings  the  cubic  phase  into  the  tetragonal 
phase  and  leaves  twin  substructures  in  the  tetragonal  phase.  This 
interface  plane  (habit  plane)  was  characterized  as  a  plane  of  the  (023) 
type  [1]  [16].  And  the  twin  plane  belongs  to  {101}  type  planes.  Therefore, 
all  the  domain  structures  found  in  the  tetragonal  (martensite)  phase  are 
connected  with  the  cubic  (parent)  phase  through  this  cubic-to-tetragonal 
martensitic  transformation.  Domains,  instead  of  viewing  as  a  lump  of  90 
and  180  degree  domains,  should  be  considered  as  resulting  from  these 
habit  plane  variants.  Therefore,  habit  plane  variants  must  be  defined  first 
such  that  the  domain  structures  in  lead  titanate  can  be  fully  understood. 

The  basic  equation  [11]  of  the  phenomenological  martensitic  theory 
is  described  by  the  matrix  product  of  a  lattice-invariant  deformation,  S, 
Bain  deformation,  B,  and  rigid  body  rotation,  R,  which  gives  the 
transformation  shape  deformation.  Pi,  such  that  the  habit  plane  is 
invariant, 

Pl=8RBS  (1) 

where  5  is  an  adjustable  dilatation  factor.  The  lattice-invariant 
deformation  S  can  be  moved  to  the  left  hand  side  of  the  equation,  which 
gives  the  final  equation  as 


PlP2=  §RB 


(2) 


where  S'1  is  replaced  by  P2-  The  product  P1P2  gives  an  invariant  line 
strain  such  that  lines  lying  in  both  the  habit  plane  and  twin  plane,  i.e., 
their  intersection,  are  invariant. 

Following  Bowles  and  Mackenzie  [11]  and  ignoring  for  a  moment  the 
dilatation  parameter  8,  a  scalar,  we  can  write 

Pl=RSB=RBS  (la) 

where  S  designates  that  the  inhomogeneous  shear  occurs  after  the  Bain 
distortion  and  S  means  vice  versa.  Even  though  S  in  the  present  case 
means  twinning  in  the  tetragonal  martensite,  it  is  preferable  for  purposes 
of  mathematical  simplicity  to  allow  S  to  precede  the  Bain  distortion 
because  then  an  orthonomal  (cubic)  axis  system  can  be  used  for  the  strain 
matrix  representation  and  no  metric  tensor  is  required.  Since,  for 
example,  the  (101)  twinning  plane  in  the  martensite  is  derived  (from  the 
correspondence)  from  the  (101)  plane  in  the  parent,  the  S  matrix 
represents  a  slip  shear.  The  complete  equivalence,  mathematically,  of 
twinning  and  slip  as  the  inhomogeneous  shear  has  been  demonstrated  by 
Wechsler,  Lieberman,  and  Read  [12].  Of  course  it  is  to  be  noted  that 
certain  [101]  planes  in  the  parent,  notably  those  parallel  to  the  tetragonal 
c-axis,  remain  mirror  planes  after  the  Bain  distortion  and  thus  cannot 
correspond  to  twinning  planes  in  the  martensite.  This  restricts  the 
number  of  habit  plane  solutions  as  is  discussed  in  the  paper  and  requires 
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care  in  distinction  doing  the  reverse  calculation:  given  the  habit  plane, 
calculate  the  twin  plane.  According  to  Bowles-Mackenzie,  the  twinning 
plane  in  the  martensite  is  derived  from  a  mirror  plane  in  the  parent.  It  is 
not  to  be  inferred,  however,  that  any  mirror  plane  {hkl}  in  the  parent 
always  becomes  a  possible  twin  plane  in  the  martensite. 

The  Bowles-Mackenzie  dilatation  parameter  5  has  been  used  in  Eq. 
(1)  but  not  employed  in  the  present  calculations.  8  represents  a  uniform 
expansion  or  contraction  in  the  habit  plane  and  in  order  to  explain  certain 
transformations,  notably  in  ferrous  alloys,  values  of  8  =1.01-1.02  (i.e.,  1- 
2%  strain)  have  been  suggested.  Such  values  are  amenable  to 
experimental  verification  but  have  not  been  so  detected.  This  is  not  to 
deny  the  possible  importance  of  such  a  parameter  in  ferroelectrics  such 
as  the  present  case  because  the  principal  strains  of  the  Bain  deformation 
(€j  =  T|j-l)  are  from  one  to  two  orders  of  magnitude  smaller  than  those 
in  ferrous  alloys  where  in  the  f.c.c.-b.c.c.  case  the  c-axis  changes  by  some 
20%,  in  contrast  to  1.3%  in  the  present  case. 

According  to  equation  (2),  two  different  modes  of  calculations  can 
be  performed.  One  can  calculate  the  habit  planes  by  assuming  the  twin 
planes,  or  calculate  the  twin  planes  by  assuming  the  habit  planes.  First, 
the  case  of  "forward"  calculation,  getting  the  possible  habit  planes  from 
assumed  twin  planes,  is  considered.  For  a  cubic-to-tetragonal 
transformation,  there  are  six  choices  of  lattice  correspondences,  as  shown 
in  Table  1.  Lattice  correspondence  LC-1,  [  1 00]c= [  1 00] t,  [010]c=[010]t,  and 
[001  ] c— [001  ]t  being  the  simplest  one,  was  chosen  first.  Lattice  parameters 
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from  high  temperature  x-ray  diffraction  measurements  were  used  for 
calculating  the  Bain  deformation,  B.  The  principal  distortions  of  the  Bain 
deformation  were  computed  by  Tli  =  at/ac,  Tl2  =  at/ac,  and  ^sCt/ac-  The 
twinning  elements  { 101 }  <101>  for  lead  titanate,  as  listed  in  Table  2,  were 
used  as  input  data.  For  lead  titanate,  there  are  only  twelve  possible 
twinning  elements.  Since  there  are  six  different  {101}  twin  planes  and  for 
each  twin  plane  there  are  two  opposite  shear  directions.  With  these 
twinning  elements,  habit  planes  can  be  easily  obtained  from  the  BM 
theory.  As  shown  in  Table  3,  for  example,  for  each  twinning  element 

u 

there  are  four  habit  plane  solutions  .  Two  of  them  are  with  high  shear 
strains  while  other  two  are  with  low.  It  is  noted  that  the  values  of  four 
habit  planes  and  directions  of  shape  deformation  are  the  same,  except  for 
the  minus  sign  and  the  permutations.  They  are  crystallographically 
equivalent.  The  four  habit  plane  solutions  are  thus  considered  to  be 
degenerate.  More  detailed  discussion  on  the  degeneracy  of  the  habit  plane 
solutions  [17]  [18]  and  the  conditions  under  which  the  degeneracy  occurs 
will  be  given  later.  It  should  be  pointed  out  that  for  LC-1  the  planes  (110) 
and  (110)  can  not  be  a  possible  twin  plane  for  a  tetragonal  phase  [12], 
since  they  contain  the  axis  of  expansion,  the  c-axis.  Four  twinning 

elements  are  therefore  ruled  out  for  the  case  of  LC-1.  Complete 

calculations  of  the  habit  planes  for  LC-1  from  the  eight  remaining 

twinning  elements  are  summarized  in  Table  4.  It  is  seen  that  those 
twinning  elements  having  the  same  twin  planes  but  with  opposite  shear 
directions,  for  instance  No.  1  and  2,  give  the  same  habit  planes  solutions. 

# 

For  internal  consistency  all  calculations  have  been  carried  out  using  six 

significant  figures  so  that,  for  example,  the  scalar  product  of  two  orthogonal  unit 
vectors  u*v=0. 000000,  etc. 
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It  is  also  found  that  not  all  habit  planes  of  the  {0.835,  0.549,  0.005}  type 

are  obtained  from  the  calculations;  planes  like  (0.005,  0.835,  0.549)  and 

(0.835,  0.005,  0.549)  are  excluded.  These  result  partly  because  the  case 

discussed  here  is  valid  for  the  cubic-to-tetragonal  transformation  and  the 

lattice  parameter  "c"  was  greater  than  "a",  and  partly  by  the  way  the 

lattice  correspondence  is  chosen.  If  a  different  Bain  deformation  or  lattice 

*  *• 

correspondence  is  used,  then  other  {0.835,  0.549,  0.005}  planes  will  be 
excluded.  A  more  detailed  discussion  on  the  exclusion  of  certain  planes  as 
being  habit  planes  will  be  given  later. 

The  habit  plane  solutions  may  be  viewed  more  clearly  graphically. 
A  stereographic  projection  showing  all  the  possible  habit  plane  solutions 
for  LC-1  is  plotted  in  Fig.  5,  where  the  {101}  twin  planes  and  the  habit 
planes  are  marked.  It  is  noted  that  the  habit  planes  locate  at  positions 
very  close  to  {023},  which  has  been  observed  experimentally  [1]  [16], 
except  that  there  are  two  solutions  for  each  {023}  pole.  Note  that  planes 
like  (032)  and  (302)  are  excluded.  Totally,  there  are  16  possible  habit 
planes  for  LC-1.  Eight  habit  planes  lying  on  the  edge  of  the  projection 
belong  to  the  group  of  high  shear  strains  while  other  eight  near  (001) 
poles  are  with  low  shear  strains.  Remember  that  these  conclusions  are 
drawn  based  on  the  results  for  LC-1.  Different  habit  plane  solutions  may 
be  obtained  if  another  lattice  correspondence  is  considered.  When  all  six 
lattice  correspondences  are  used,  two  sets  of  24  crystallographically 
equivalent  habit  plane  solutions  with  low  shear  strains  may  be  obtained. 


In  a  reverse  mode  of  calculation,  twinning  elements  may  be 


12 


obtained  by  using  the  habit  planes  as  input  data.  As  will  be  seen  later 
this  reverse  approach  actually  is  more  important  than  the  forward  one 
for  we  are  more  interested  in  the  structures  of  the  martensite  phase.  The 
values  of  the  habit  planes  obtained  from  previous  calculations  were  used 
as  input  data.  One  case  is  shown  in  Table  5.  There  are  four  twinning 
element  solutions  for  each  set  of  the  habit  plane  and  direction  of  shape 
deformation.  Two  solutions  have  low  shape  deformation  strains,  0.013, 
while  other  two  have  high.  Therefore,  the  later  two  twinning  elements 
are  considered  less  feasible.  Two  twinning  elements,  (-0.707,  0.000,  - 
0.707)[0.707,  0.000,  -0.707]  and  (0.698,  0.000,  -0.716)[-0.716,  -0.000,  - 
0.698]  being  considered  to  be  crystallographically  and  energetically 
equivalent,  are  possible  for  a  given  habit  plane.  As  compared  to  the 
previous  calculations  where  only  one  degenerate  solution  is  produced,  the 
degeneracy  in  the  present  case  leads  to  two  equivalent  solutions.  The 
importance  of  these  results  must  be  pointed  out:  that  each  habit  plane 
results  in  two  types  of  (twinning)  substructure  in  the  martensite  phase, 
which  should  be  observed  with  the  same  probability. 

Table  6  summarizes  the  calculation  results  for  all  24  habit  planes. 
Each  habit  plane  produces  two  equivalent  ( 101  }<101>  twinning  elements. 
Habit  plane  variants  in  lead  titanate  can  now  be  defined  simply  by  these. 
For  each  lattice  correspondence,  there  are  eight  habit  plane  variants  with 
low  shear  strains  and  shape  deformation.  Totally  24  habit  plane  variants 
can  be  defined  in  lead  titanate  when  all  the  six  lattice  correspondences 
are  considered. 
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4.  Discussion 

4.1  Habit  Planes  and  Twin  Planes  in  Lead  Titanate 

The  relation  between  habit  planes  and  twin  planes  in  lead  titanate, 
in  a  sense,  is  analogous  to  the  second  undistorted  plane,  K2,  and  the 
composition  plane,  Ki,  of  a  mechanical  twin.  First,  the  loci  of  the  habit 
plane  normals  are  not  too  far  from  the  second  undistorted  plane,  K2.  The 
separation  between  the  {0.835,  0.549,  0.005}  habit  planes  and  {110}  poles 
is  about  11.68°.  Secondly,  both  habit  planes  and  twin  planes  are  invariant 
in  the  martensitic  theory,  which  are  similar  to  the  Ki  and  K2  planes  in  a 
mechanical  twin.  A  stereographic  projection  of  the  cubic  structure 
showing  the  relation  between  twin  planes  and  habit  planes  of  lead 
titanate  is  drawn  in  Fig.  6.  There  are  four  habit  planes  lying  in  positions 
about  11.68°  from  each  of  the  {101}  poles.  Six  {101}  planes,  therefore, 
produce  six  four-habit-plane  groups  which  give  a  total  of  24  habit  planes. 
For  each  habit  plane  there  are  four  twin  plane  solutions  of  which  two 
equivalent  {101}  twin  planes  locate  about  53.78°  from  the  habit  plane. 
For  instance,  the  habit  plane  (023)  has  two  equivalent  twin  plane 
solutions,  (101)  and  (101),  with  low  shear  strains.  Conversely,  for  each 
twin  plane  there  are  four  equivalent  habit  plane  solutions,  locating  in  the 
positions  close  to  the  K2  planes.  The  twin  plane  (101),  for  example,  has 
four  habit  plane  solutions  of  which  planes  (023)  and  (023)  are  quite  close 
to  the  (Oil)  and  (011)  planes. 

It  was  found  from  forward  calculations  that  not  all  the  24  {023} 
planes  are  the  possible  habit  planes  for  a  given  lattice  correspondence, 
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certain  planes  being  excluded  as  habit  planes.  For  example,  (032)  and 
(302)  are  not  possible  habit  plane  solutions  for  LC-1.  Considering  the  four 
habit  planes  around  the  (Oil)  pole  in  Fig.  6,  for  LC-1  the  two  on  the  left 
are  the  possible  ones  whereas  the  other  two  on  the  right  are  not.  For  a 
cubic-to-tetragonal  transformation,  if  c/a>l  is  the  case  then  habit  planes 
always  locate  at  positions  to  the  left  of  the  (Oil)  pole.  On  the  other  hand, 
if  c/a  is  smaller  than  one  then  the  habit  planes  are  the  ones  on  the  right 
of  the  (Oil)  pole.  The  exact  positions  of  the  habit  planes  are  determined 
by  the  c/a  ratio  and  the  volume  change  or  more  specifically  by  the 
principal  distortions  of  the  Bain  deformation. 

4.2  Degeneracy  of  the  Habit  Plane  Solutions  (Forward  Calculation) 

It  is  known  from  martensitic  theory  that  either  habit  planes  or  twin 
planes  can  be  obtained  by  assuming  the  other  counterpart  is  known.  In 
the  forward  calculation,  in  general,  one  twin  plane  results  in  four 
different  habit  plane  solutions.  However,  in  some  cases  degeneracy  may 
occur  which  produces  two  or  even  one  solution.  Christian  [17]  and 
Wechsler  [18]  discussed  the  general  conditions  under  which  the 
degeneracy  of  the  habit  plane  solutions  for  the  cubic-to-tetragonal 
transformation  may  occur.  According  to  Wechsler's  analysis  [18] 
degeneracy  in  the  habit  plane  occurs  when: 

(1)  K-degeneracy  results  when  t(=d2  x  p2)  is  a  twofold  (or  fourfold) 
axis  and  is  either  parallel  or  perpendicular  to  the  expansion  axis  of 
the  lattice  deformation; 

(2)  g-degeneracy  may  result  if  d2  or  p2  is  a  twofold  (or  fourfold) 


axis  of  symmetry,  depending  upon  the  numerical  values  of  the 
components  of  d2  and  p2- 

Thus  twinning  elements  like  { 101  }<101>  will  result  in  a  double 
degeneracy,  K-  and  g-degeneracy,  which  reduces  the  number  of  the  habit 
plane  solutions  into  one.  K-  degeneracy  occurs  when  the  great  circle 
containing  both  the  normal  of  the  twin  plane,  p2,  and  shear  direction,  d2, 
is  of  the  {100}  or  {110}  type  which  results  a  reflection  symmetry  in  the 
invariant  lines.  Whereas  the  g-degeneracy  occurs  when  either  the  twin 
plane  or  shear  direction  is  of  {100}  or  {110}  type  which  gives  the  same 
principal  values  for  two  different  inhomogeneous  shear  strains,  gi  and  g2» 
The  K-  and  g-degeneracy  in  fact  are  determined  by  the  symmetry  of  the 
twinning  elements,  which  can  be  well  explained  by  using  a  graphic 
representation  [19]  [20].  Figure  7  shows  a  plot  of  a  stereographic 
projection  for  the  cubic-to-tetragonal  transformation  in  lead  titanate  in 
which  the  invariant  lines,  Xi  and  X2,  and  invariant  normals,  Ni  and  N2,  are 
located*.  As  known  from  the  BM  theory,  the  habit  plane  itions  are 
uniquely  determined  by  the  four  sets  of  the  invariant  lines  a  invariant 
normals,  which  are  produced  due  to  the  combined  effect  of  the  Bain 
deformation  B  and  lattice-invariant  deformation  S.  Mathematically,  the 
relation  between  the  invariant  lines  Xi,  habit  plane  pi,  and  twin  plane  p2 
can  be  described  as  follows. 

*The  discussion  of  K-  and  g-dcgcncracy  in  Wechslcr's  paper  [18]  was  based  on  the 
WLR  theory.  Here  a  new  graphic  representation  from  the  BM  theory  is  used.  The 
concept  of  K-  and  g-dcgcncracy  is  thus  extended  to  the  BM  theory  in  which  the 
symmetry  of  invariant  lines  and  normals  is  considered. 
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Xi  II  Pi  X  P2  (3) 

Similarly,  the  invariant  normals  are  parallel  to  the  direction  given  by  the 
cross  product  of  the  direction  of  shape  deformation,  di,  and  twinning 
shear  direction,  d2. 

Ni  II  di  x  d2  (4) 

Using  Eq.  (3)  and  (4)  and  referring  back  to  Eq.  (2),  the  invariant  lines 
therefore  locate  in  a  stereographic  projection  at  the  intersections  of  the 
twin  plane  and  the  initial  loci  of  all  the  directions  unchanged  in 
magnitude  due  to  the  Bain  deformation,  whereas  the  invariant  normals  lie 
at  the  intersections  of  the  initial  loci  of  the  plane  normals  and  the  great 
circle  of  the  twinning  shear  direction,  d2,  such  that  the  condition  d2*Ni=0 
is  satisfied.  It  will  be  shown  later  that  the  positions  of  these  directions 
and  plane  normals  in  a  stereographic  projection  in  fact  are  related  to  the 
degeneracy  of  the  habit  plane  solutions.  Consider  one  case  in  which  the 
twinning  element  (101)[101]  is  involved.  Traces  of  the  Kj  and  Ko  planes 
are  labeled  in  Fig.  7.  Two  cones,  Cd  and  Cn,  representing  the  initial  loci  of 
all  the  directions  and  plane  normals,  are  drawn  in  Fig.  7.  The  semivertex 
angles  [18]  [20]  of  these  cones  are  given  by 


where  9  and  ¥  are  for  Cd  and  Cn  respectively.  The  shear  plane  Kj 


intersects  with  Cd  at  Xi  and  X2  which  give  the  invariant  lines.  Whereas 
the  trace  Ko,  which  is  the  great  circle  of  the  shear  direction  d2,  intersects 
the  cone  Cn  at  the  invariant  normals,  Ni  and  N2.  It  is  seen  from  Fig.  7  that 
these  invariant  lines,  Xi  and  X2,  and  invariant  normals,  Ni  and  N2,  possess 
a  reflection  symmetry  about  the  (010)  plane  which  results  a  case  of  "K- 
degeneracy"  discussed  both  by  Christian  and  Wechsler  wherein  the 
number  of  the  habit  plane  solutions  due  to  the  K-degeneracy  is  reduced 
to  two. 

The  habit  plane  solutions  are  further  reduced  because  the  twin 
plane  and  shear  direction  locate  exactly  at  the  {101}  poles,  which  gives  so 
called  "g-degeneracy".  This  g-degeneracy  results  in  another  reflection 
symmetry  in  the  indices**  of  invariant  lines  and  normals  about  the  {101} 
plane.  Therefore,  K-  and  g-degeneracy  account  for  the  double  degeneracy 
in  our  forward  calculations. 

4.3  Degeneracy  of  the  Twin  Plane  Solutions  (Reverse  Calculation) 

In  the  foregoing  discussion,  the  degeneracy  of  the  habit  plane 
solutions  for  a  forward  calculation  is  well  explained  by  the  K-  and  g- 
degeneracy.  However,  there  is  a  "quasi  K-degeneracy"  in  our  reverse 
calculations  which  reduces  the  number  of  the  twinning  element  solutions 
to  three,  in  contrast  to  one  in  the  forward  case.  This  kind  of  degeneracy, 
in  a  sense,  is  not  a  true  degeneracy,  since  each  degeneracy  should  reduce 
the  number  of  the  solutions  into  half.  However,  the  indices  of  the  first  two 

**A  complete  derivation  for  the  generalized  conditions  of  K-  and  g-degeneracy 
from  BM  representation  will  be  published  in  another  paper. 
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twinning  element  solutions  with  low  shape  deformation,  as  seen  from 
Table  5,  are  close  enough  to  term  it  a  degeneracy.  This  type  of  twin  plane 
degeneracy  is  quite  interesting  since  degenerate  microstructures  may 
have  been  observed  in  some  metal  alloys  [21].  However,  detailed 
discussion  on  the  degeneracy  for  the  reverse  calculations  is  not  found. 

In  a  reverse  calculation,  in  general,  four  twinning  elements  are 
obtained  from  each  habit  plane.  In  the  discussion  of  K-  and  g-degeneracy 
in  the  habit  plane  solutions,  Christian  and  Wechsler  considered  the 
symmetry  of  the  twinning  elements.  Similarly,  the  symmetry  element  of 
the  habit  planes  should  be  considered  in  order  to  account  for  the 
degeneracy  of  the  twinning  elements  in  a  reverse  calculation.  For  lead 
titanate,  the  habit  planes  {0.835,  0.549,  0.005}  and  direction  of  shape 
deformation  <0.832,  0.554,  0.005>,  rigorously  speaking,  do  not  possess  any 
particular  symmetry  element.  Therefore,  one  should  see  no  degeneracy  in 
the  twinning  element  solutions.  However,  it  is  noted  that  the  habit  planes 
[0.835,  0.549,  0.005}  and  direction  of  shape  deformation  <0.832,  0.554, 
0.005>  are  not  too  far  from  planes  [0.835,  0.549,  0.000}  and  <0.832,  0.554, 
0.000>,  and  the  twinning  element  solutions  from  this  hypothetical  Mbit 
plane  and  direction  of  shape  deformation  degenerate  into  two  groups,  as 
seen  from  Table  7.  For  each  group,  there  are  two  crystallographic 
equivalent  twinning  element  solutions.  This  type  of  degeneracy  can  be 
identified  as  due  to  the  K-degeneracy  in  Christian  and  Wechsler's  cases. 
Since  both  the  habit  plane  and  direction  of  shape  deformation  lie  on  the 
(100)  trace,  this  results  in  a  reflection  symmetry  in  the  invariant  lines 
and  normals  about  the  plane  (100).  Neither  habit  plane  (0.000,  0.549,  - 


0.835)  normal  nor  direction  of  the  shape  deformation  [0.000,  -0.554,  - 
0.832]  is  in  {110},  therefore,  there  is  no  g-degeneracy.  When  the  habit 
plane  is  not  exactly  on  the  {100}  or  {101}  traces  but  in  a  position  slightly 
deviated  from  this  exact  K-degeneracy,  a  condition  of  "quasi  K- 
degeneracy"  may  occur,  as  shown  in  Fig  8.  On  the  other  hand,  there  may 
also  be  a  case  for  "quasi  g-degeneracy"  if  the  habit  plane  or  direction  of 
the  shape  deformation  is  a  little  away  from  the  poles  {100}  or  {101}.  Now 
the  question  arises  as  how  close  the  habit  plane  is  to  the  traces  of  {100} 
or  {101}  to  result  in  a  quasi  K-degeneracy.  A  computer  simulation  was 
thus  carried  out  by  assuming  slight  increases  in  the  habit  plane  indices 
such  that  the  habit  plane  is  away  more  from  the  exact  K-degeneracy 

t 

condition.  It  is  found  that  when  the  indices  of  the  habit  plane  are 
increased  to  (0.05,  0.549,  -0.835),  which  is  about  2.86°  from  exact  K- 
degeneracy  condition,  then  the  difference  in  the  twin  plane  solutions 
starts  to  become  apparent.  The  exact  condition  for  the  quasi  K-degeneracy 
to  be  valid  is  not  determined  at  this  moment.  However,  from  In-Tl  alloys 
the  habit  planes  are  {0.016,  0.688,  0.725}^  and  a  pair  of  twin-related 
substructures  [21]  was  found  in  the  martensites,  which  gives  a  strong 
indication  that  the  quasi  K-degeneracy  does  exist  especially  when  the 
habit  planes  indices  are  not  too  far  from  the  exact  K-degeneracy 
condition,  i.e.,  the  traces  of  {100}  or  {110}. 

The  degeneracy  of  the  habit  planes  and  twin  planes  in  lead  titanate 

^  Habit  planes  have  been  recalculated  for  In-Tl  alloys  from  which  a  different  result 
was  obtained.  As  compared  to  the  normalized  value  obtained  by  Burkart  and  Read 
[14],  [0.009,  0.700,  0.710),  current  results  are  believed  to  be  more  accurate  since  six 
digits  were  used  during  calculations. 
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is  summarized  in  Table  8.  Twinning  elements  {101  }<101>  result  a  double 
degeneracy  which  reduces  the  number  of  habit  plane  solutions  in  a 
forward  calculation  into  one.  One  the  other  hand,  the  habit  plane  system 
{0.835,  0.549,  0.005}<0.832,  0.554,  0.005>  produces  a  condition  of  "quasi 
K-degeneracy"  which  gives  three  different  twinning  element  solutions. 
Among  these  three,  however,  only  the  one  with  low  strain  has  two 
crystallographic  equivalent  twinning  elements. 

It  should  be  noted  that  in  the  forward  calculation  both  Xi's  are 
variants  and  Ni’s  are  variants  and  the  four  predicted  habit  planes  are  also 
variants.  This  results  because  the  twin  plane  is  crystallographically 
degenerate,  i.e.,  {hOh}.  On  the  other  hand  in  the  reverse  calculation  the 
habit  plane  (input)  is  non-degenerate  (hkl)  leading  to  only  one  "proper" 
twin  plane  of  the  form  {hOh) ;  further,  the  invariant  lines  and  normals  are 
not  variants.  Additional  symmetries  in  the  reverse  calculation  would 
result  were  the  habit  plane  of  the  form  (Okl) . 

4.4  Habit  Plane  Variants  and  Domain  Structures 

It  is  concluded  from  the  above  calculations  that  there  are  24  habit 
plane  variants  in  lead  titanate  and  for  each  variant  there  are  two  twin- 
related  substructures  in  the  martensite  phase.  Martensites,  in  general,  are 
the  end  products  of  a  martensitic  transformation  due  to  these  habit  plane 
variants,  and  therefore  one  should  consider  domain  structures  in  lead 
titanate  according  to  these  variants.  Considering  the  doma  o  tructures 
due  to  habit  plane  variant  1,  for  instance,  two  types  of  twin  planes,  (101) 
and  (101),  may  be  observed  in  the  tetragonal  phase  as  a  result  of  the 


movement  of  the  habit  plane  (023).  A  simple  schematic  diagram 
representing  the  surface  morphology  of  this  variant  is  drawn  in  Fig.  9(a). 
Here,  lattice  correspondence  LC-1  is  assumed.  While  viewing  from  the  top, 
there  are  only  parallel  traces  of  twin  planes  appearing  on  the  surface.  It 
is  almost  impossible  to  tell  whether  or  not  there  are  two  different  twin 
planes  within  this  band.  But  if  viewing  from  the  side,  two  different  twin 
planes  may  be  observed,  as  shown  in  Fig.  9(a).  Similar  argument  may  also 
be  applied  to  the  case  where  the  domain  band  is  running  horizontally. 
Considering  variant  5,  habit  plane  (203)  will  result  in  a  domain  structure 
with  two  twin  planes,  (Oil)  and  (Oil),  which  intersect  the  crystal  surface 
and  produce  traces  as  parallel  lines.  The  detailed  domain  arrangements 
can  only  be  distinguished  by  viewing  the  sample  from  the  side,  as  drawn 
in  Fig.  9(b).  According  to  the  usual  definition  of  domains,  the  structures 
due  to  these  two  variants  are  90  degree  "a-c"  type  domains.  Because  one 
twin  which  has  the  polarization  pointing  along  the  viewing  direction  is  a 
"c"  domain,  and  the  other  which  has  a  polarization  vector  lying  on  the 
crystal  surface  is  an  "a"  domain.  A  clear  optical  image  contrast  of  these 
two  variants  may  be  obtained  if  the  sample  is  acid  etched. 

On  the  other  hand,  a  different  surface  morphology  may  be  observed 
if  a  habit  plane  variant  has  twin  planes  of  the  (110)  and  (110)  types. 
Habit  plane  variants  13  to  16  and  21  to  24  belong  to  this  case.  Since  the 
domains  due  to  these  variants  are  90  degree  a-a  type,  much  lower  image 
contrast  will  be  developed  even  if  the  sample  is  etched.  However,  for 
these  type  of  domains  it  is  possible  to  observe  a  substructure  with  two 
different  twin  planes  from  the  surface,  as  seen  from  Fig.  9(c). 
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5.  Conclusion 

It  is  now  clear  that  the  domains  in  the  ferroelectric  lead  titanate 
should  be  considered  as  martensites  while  the  phase  transformation 
follows  the  crystallographic  martensitic  theory.  The  important  results 
from  theoretical  calculations  indicate  that  there  is  a  double  degeneracy,  K 
and  g,  in  the  forward  direction  such  that  there  are  four  crystallographic 
equivalent  habit  plane  solutions  for  each  twinning  element.  The  habit 
planes  are  grouped  around  {101}  poles  and  form  six  four-habit-plane 
groups  which  gives  total  24  habit  plane  variants.  In  the  reverse 
calculation,  for  each  habit  plane  variant  the  quasi  K-degeneracy  produces 
only  two  crystallographically  equivalent  twinning  elements  within  one 
domain  band.  The  probability  of  observing  these  two  twinning  elements 
will  be  the  same,  since  they  are  strain  energetically  equivalent.  The 
theory  thus  predicts  that  there  are  total  of  24  habit  plane  variants  in  the 
ferroelectric  lead  titanate  materials.  All  the  domain  structures  observed 
should  comply  with  the  habit  plane  variants  even  though  the  prominently 
banded  structure  is  comprised  of  junction  planes  as  a  result  of  a  merging 
of  variants  during  transformation. 
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Appendix 

Some  basic  definitions  of  the  domains  and  domain  boundaries 

Basic  definitions  [4]  for  the  domains  observed  in  a  tetragonal 
ferroelectric  material  are  simply  based  upon  the  orientation  of  the 
polarization  vector  within  a  tetragonal  unit  cell  relative  to  the  viewing 
direction.  A  polarization  is  produced  within  a  tetragonal  unit  cell  since  the 
positive  charge  center  does  not  coincide  with  the  negative  one.  The 
polarization  vector,  in  this  case,  is  along  the  "c"  axis  of  the  unit  cell 
whereas  other  two  unit  cell  edges,  perpendicular  to  the  c  axis,  are  the  "a" 
axes.  A  tetragonal  unit  cell  is  thus  uniquely  defined  by  the  unit  cell 
parameters:  c  and  a.  A  "c"  domain  is  defined  when  the  polarization  vector, 
the  c  axis,  is  along  the  viewing  direction.  On  the  other  hand,  a  region 
called  an  "a"  domain  is  defined  when  one  unit  cell  edge,  the  a  axis,  is 
parallel  to  the  viewing  direction.  In  other  words,  the  polarization  vector 
for  an  "a"  domain  is  always  perpendicular  to  the  viewing  direction, 
whereas  for  a  "c"  domain  the  polarization  vector  is  parallel  to  the  viewing 
direction.  Therefore,  two  different  types  of  domains,  "a"  and  "c",  may  be 
observed  in  a  tetragonal  ferroelectric  material. 

Two  different  domain  boundaries  are  formed  when  "a"  and  "c" 
domains  meet.  A  180  degree  domain  boundary  is  formed  when  "c"-"c"  or 
"a"-"a"  domains  appear  side  by  side  but  with  polarization  vectors  which 
are  180  degrees  relative  to  each  other.  It  should  be  pointed  out  that  the 
boundary  for  180  degree  domains  is  not  a  twin  plane.  Another  kind  of 
domain  boundary,  the  90  degree  type,  is  formed  when  the  polarization 


vectors  of  the  two  domains,  roughly  speaking,  are  90  degrees  relative  to 
each  other.  The  domains  form  a  twin  structure  and  the  domain  boundary 
is  a  twin  plane.  It  is  seen  from  Fig.  10(b)  that  90  degree  domains  can  be 
either  a-c  or  a-a  type,  depending  upon  the  relative  position  of  their 
polarization  vectors  with  respect  to  the  viewing  direction. 
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Figure  Captions 


Fig.  1:  Schematic  diagram  representing  two  of  Fesenko's  results  [2]. 

A  temperature  gradient  is  maintained  across  the  lead  titanate 
crystal  which  results  an  interface  separating  the  cubic  and 
tetragonal  phases. 

Fig.  2:  Surface  morphology  of  an  as-grown  sample  after  chemical  etch, 
showing  parallel  banded-type  domain  structures  in  lead  titanate. 
Note  the  difference  in  the  image  contrast  between  "a-c"  and  "a-a" 
type  domains.  The  twin  planes  and  junction  planes  are  marked 
by  "t"  and  "j"  respectively. 

Fig.  3:  Typical  herringbone  type  domain  structures  in  lead  titanate. 

Note  the  twin  planes  and  junction  planes  as  marked  by  "t"  and  "j" 
respectively. 

Fig.  4:  The  variation  of  PbTiC>3  lattice  parameters  as  a  function  of 

temperature  [11].  Lattice  parameters  near  the  transformation 
region,  as  marked  by  an  arrow,  were  used  in  the  martensitic 
calculations. 

Fig.  5:  A  stereographic  projection  of  a  cubic  structure,  showing  the 

relation  between  the  habit  planes  and  the  twinning  elements  in 
lead  titanate  for  LC-1. 
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Fig.  6:  A  stereographic  projection  showing  six  four-habit-plane  groups 
around  each  {101}  pole,  which  gives  total  of  24  habit  plane 
variants. 

Fig.  7:  A  stereographic  projection  showing  the  invariant  lines,  Xj  and 
X2  and  normals,  Ni  and  N2,  which  possess  reflection  symmetry 
about  the  plane  (010).  Negative  poles,  h3  and  h4,  are  situated  on 
the  back  side  of  the  stereographic  projection. 

Fig.  8:  Possible  locations  for  quasi  K-  and  g-degeneracy  in  twinning 
element  solutions  observed,  as  marked  by  the  dotted  lines. 

Fig.  9:  Schematics  of  domain  bands  due  to  habit  plane  variants, 

showing  the  possibility  of  two  twinning  elements  within  one 
variant,  (a),  (b),  and  (c)  are  domains  which  contain  twin  planes 
(101),  (Oil),  and  (110)  respectively. 

Fig.  10:  (a)An  example  of  "a"  and  "c"  domains  where  viewing  direction 
is  from  the  top.  (b)An  example  of  90  degree  a-a  domains. 


TABLE  1.  Six  parent-martensite  lattice  correspondences 


parent 

[100] 

[010] 

[001] 

• 

LC-1 

[1003 

[010] 

[001] 

LC-2 

[010] 

[001] 

[100] 

LC-3 

[001] 

[100] 

[010] 

LC-4 

[010] 

[100] 

[001] 

• 

LC-5 

[001] 

[010] 

[100] 

LC-6 

[100] 

[001] 

[010] 

TABLE  2.  Possible  twinning  elements  for  lead  titanate 


1. 

(101)[101] 

5. 

(011)[0115 

9. 

(110)[110] 

2. 

(101)[101] 

6. 

(011)[011] 

10. 

(110)[110] 

3. 

(101)[101] 

7. 

(011)[011] 

11. 

(1 10)[1 10] 

4. 

(101)[101] 

8. 

(011)[011] 

12. 

(1 10)[1 10] 

TABLE  3.  Example  for  a  forward  calculation* 


•Input  Data 

Twinning  Element  :  (101)  [101] 
Bain  Strain  :  0.996,  0.996,  1.013 


•Calculation  Results 
Invariant  Lines  and  Normals 


XI 

X2 

N1 

N2 

-0.480 

-0.480 

0.486 

0.486 

0.734 

-0.734 

0.726 

-0.726 

0.480 

0.480 

0.486 

0.486 

Habit 

Planes  and 

Directions  of  Shape  Deformation 

PI 

D1 

Ml 

M2 

1. 

-0.835 

-0.832 

0.013 

0.026 

-0.549 

0.554 

0.005 

0.005 

2. 

-0.835 

-0.832 

0.013 

0.026 

0.549 

-0.554 

0.005 

0.005 

3. 

0.005 

0.005 

0.013 

0.008 

0.549 

-0.554 

-0.835 

-0.832 

4. 

0.005 

0.005 

0.013 

0.008 

-0.549 

0.554 

-0.835 

-0.832 

Note  : 

PI  :  habit  planes 

D1  :  directions  of  shape  deformation 

Ml  &  M2  :  magnitudes  of  shape  deformation  and  inhomogeneous  shear 


•Although  results  arc  reported  to  three  decimal  places,  all  calculations  have  been 
carried  out  to  six  places  for  complete  internal  consistency. 


TABLE  4.  Habit  plane  results  for  LC-1 
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(Oil)  [Oil]  (230)  [230]  0.013  0.026 
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Note  :  To  simplify  this  table,  rational  indices  [320]  were  used  to  substitute  the  habit  planes  [0.835,  0.549, 
0.005}  and  the  directions  of  shape  deformation  <0.832,  0.554,  0.005>. 


TABLE  5.  Example  for  a  reverse  calculation 


•Input  Data 

Habit  Plane  :  (0.005,  0.549,  -0.835)[0.005,  -0.554,  -0.832] 
Bain  Strain  :  0.996,  0.996,  1.013 


•Calculated  Results 
Invariant  Lines  and  Normals 


XI 

X2 

N1 

N2 

-0.480 

0.493 

0.486 

-0.474 

0.734 

0.726 

-0.726 

-0.734 

0.480 

0.480 

0.486 

0.486 

Twin 

Planes  and 

Shear  Directions 

P2 

D2 

Ml 

M2 

1. 

-0.707 

0.707 

0.013 

0.008 

0.000 

0.000 

-0.707 

-0.707 

2. 

0.698 

-0.716 

0.013 

0.008 

0.000 

-0.000 

-0.716 

-0.698 

3. 

0.430 

0.440 

0.019 

0.025 

0.674 

-0.676 

-0.601 

-0.592 

4. 

-0.460 

-0.469 

0.019 

0.039 

0.685  -0.686 

-0.564  -0.555 

Note  : 

P2  &  D2  :  twin  plane  normals  and  shear  directions. 

Ml  &  M2  :  magnitudes  of  shape  deformation  and  inhomogeneous  shear 
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TABLE  6.  Habit  Plane  Variants  in  Lead  Titanate  for  LC-1,  LC-2,  &  LC-3 


Habit  Planes 

Twin  Planes 

Variants 

LC-1 

(023)[023] 

(roution 

(101H101] 

1 

(023)  [023] 

(101)[101] 

(101)[101] 

2 

(023)[023] 

(ior)[Ton 

(101)[101] 

3 

(023)[023] 

(ioT)[Tor] 

(101)[101] 

4 

(203)  [203] 

( on)  [oil] 
(011)[011] 

5 

(203)[203] 

(oTT)[on] 
(011)[01 1] 

6 

(203)[203] 

(oiI)[oTT] 

(01 1)[011] 

7 

(203)[203] 

(oiT)[oTT] 

(01 1)[011] 

8 

LC-2 

(320)[320] 

dooilon 

(101)[101] 

9 

(320)  [320] 

(Toddoi] 

(101)1101) 

10 

» 


I 


(320)[320] 

(320)[320] 

(3  02)  [3 02] 

(302)[302] 

(3  02)  [302] 

(302)[302] 

(230)[230] 

(230)  [230] 

(230)[230] 

(230)[230] 

(032)  [032] 

(032)[032] 


(ioi)[ion 

(ioi)[ion 

(lootion 

(101)[101] 

(ITohTio] 

(110)[110] 

(TTo)[no] 

(110)[110] 

(iTo)[iio] 

(110)[110] 

(iTo)[no] 

(110)[110] 

(oIT)[on,] 

(01 1)[01 1 ] 

(oTf)[on] 

(011)[011] 

(oiT)[on] 

(01 1)[011] 

(oiotoni 

(01 1)[011] 

(TTo)nTo] 

(110)[110] 

(TTo)[np] 


(032)[032] 


(UO)[UO] 
(1 10)[110] 


23 


(032)[032J 


(no)tno] 

(1 10)[110] 


24 


TABLE  7.  Example  of  a  reverse  calculation  with  assumed 
habit  plane  indices 

•Input  Data 

Habit  Plane  :  (0.000,  0.549,  -0.835) [0.000,  -0.554,  -0.832) 

Bain  Strain  :  0.996,  0.996,  1.013 


•Calculated  Results 
Invariant  Lines  and  Normals 


XI 

X2 

N1 

N2 

-0.486 

0.486 

0.480 

-0.480 

0.730 

0.730 

-0.730 

-0.730 

0.480 

0.480 

0.486 

0.486 

Twin 

Planes  and 

Shear  Directions 

P2 

D2 

Ml 

M2 

1. 

-0.702 

0.712 

0.013 

0.008 

-0.000 

0.000 

-0.712 

-0.702 

2. 

0.702 

-0.712 

0.013 

0.008 

-0.000 

0.000 

-0.712 

-0.702 

3. 

0.445 

0.455 

0.019 

0.031 

0.680 

-0.681 

-0.583 

-0.574 

4. 

-0.445 

-0.455 

0.019 

0.031 

0.680 

-0.681 

-0.583 

-0.574 

Note  : 

P2  &  D2  :  twin  plane  normals  and  shear  directions. 

Ml  &  M2  :  magnitudes  of  shape  deformation  and  inhomogeneous  shear 
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Abstract 

A  detailed  study  of  the  domain  structures  and  habit  plane  variants 
in  lead  titanate  is  reported.  From  crystallographic  martensitic  calculations, 
it  is  found  that  there  are  twenty-four  habit  plane  variants.  For  each 
variant,  it  is  possible  to  observe  a  microstructure  with  two 
crystallographically  equivalent  twinning  elements.  A  complete 
investigation  regarding  the  three  dimensional  domain  arrangements, 
domain  orientations,  and  possible  twin  planes,  has  been  conducted  using 
optical  microscopy,  scanning  electron  microscopy  (SEM)  and  electron  back 
scattering  patterns  (EBSP).  The  results  indicate  that  the  most  common 
domains,  such  as  parallel  bands  and  herringbone  structures,  consist  of 
simply  habit  plane  variants  as  predicted  from  the  crystallographic 
martensite  theory. 
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1.  Introduction 

In  part  I  [1],  theoretical  martensite  calculations  were  carried  out  to 
redefine  the  domain  structures  in  lead  titanate.  It  was  found  that  twenty- 
four  habit  plane  variants  exist  and  that  the  90  degree  domains  are 
substructures  of  the  variants.  Previous  work  also  suggests  two  possible 
twinning  elements  for  each  domain  band  (or  variant).  They  are 
energetically  and  crystallographically  equivalent. 

To  verify  the  concept  of  habit  plane  variants,  it  is  necessary  to 
observe  the  twinning  elements  and  variants  experimentally.  Several 
techniques  were  reported  to  be  effective  in  observing  domains  and 
domain  boundaries  in  the  ferroelectric  materials.  For  instance,  optical 
microscopy  [2],  scanning  electron  microscopy  (SEM)  [3],  or  more  advanced 
transmission  electron  microscopy  (TEM)  [4]  [5]  are  standard  methods 
employed  for  studying  ferroelectric  domains.  Using  these  techniques, 
some  fundamental  understanding  of  domains  has  been  achieved.  As 
discussed  in  part  I  [1],  in  a  tetragonal  ferroelectric  material  there  are  only 
four  different  domain  boundaries:  90  degree  a-c  and  a-a,  and  180  degree 
a-a  and  c-c  types  [3].  180  degree  domains  do  not  form  a  twin  structure 
whereas  the  90  degree  type  forms  a  twin-related  domain  structure  and 
the  boundary  is  {101}.  This  information  provides  a  basic  understanding  of 
the  domain  structures  as  well  as  the  terminology  "domains"  and  "domain 
boundaries"  which  have  been  used  for  years.  Our  interests  in  studying 
lead  titanate  crystals  have  been  mainly  on  the  characteristics  of  the 
transformation  and  its  relation  to  the  observed  domain  microstructures. 


Therefore,  the  focus  is  on  the  domain  structures  which  are  closely  related 
to  the  transformation,  or  martensitically  speaking,  the  habit  plane 
variants. 

In  this  work,  both  optical  microscopy  and  SEM  were  used  to 
investigate  the  habit  plane  variants.  From  surface  image  contrast,  one 
may  be  able  to  distinguish  "a-a"  and  "a-c"  type  domains  under  the  optical 
microscope.  The  high  magnification  of  SEM  helps  in  improving  the 
resolution  and,  as  will  be  shown  later,  may  possibly  provide  some 
information  on  the  three  dimensional  domain  arrangements.  On  the  other 
hand,  crystallographic  information  on  domains  is  obtained,  not  by  TEM, 
but  by  electron  back  scattering  patterns  (EBSP)  in  an  SEM.  EBSP  gives  as 
much  comparable  structural  information  as  from  a  TEM,  i.e.,  the 
orientations  of  each  domains  and  the  possible  twin  planes.  The 
fundamentals  of  EBSP  are  thus  reviewed  in  the  following  section. 

2.  Electron  Back  Scattering  Patterns 

To  enhance  the  capability  of  SEM,  electron  back  scattering  patterns 
(EBSP)  were  developed  to  provide  structural  phase  information  as  well  as 
the  usual  surface  images.  Venables  et  al.  [6]  were  the  first  to  install  an 
EBSP  in  the  SEM.  In  their  system,  a  high  energy  electron  beam  (25  KeV) 
was  focused  onto  the  sample  surface,  and  the  diffracted  electrons  were 
collected  by  a  fluorescent  screen.  The  resulting  Kikuchi-like  diffraction 
patterns  consist  of  several  conic  pairs,  representing  the  intersections  of 
diffracted  cones  (which  satisfy  Bragg's  law),  with  the  screen.  Figure  1 
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shows  a  typical  EBSP  pattern  from  lead  titanate.  It  is  noted  that  there  are 
several  conic  pairs  and  some  intersections  between  the  pairs.  The 
corresponding  diffraction  plane  of  each  conic  pair  locates  exactly  between 
the  two  conics.  The  intersections  of  the  conic  pairs  give  the  positions  of 
zone  axes.  A  schematic  diagram.  Fig.  2,  explains  the  fundamentals  of  conic 
pairs  and  zone  axes  in  an  EBSP.  Structural  phase  information  regarding 
the  crystal  orientation,  phase  identification,  and  lattice  parameters  can  be 
extracted  from  the  EBSP  patterns  by  analyzing  the  interzonal  angles  and 
interplanar  angles  between  the  zone  axes  and  conic  pairs  [7], 

The  fundamental  mechanisms  of  EBSP  differ  from  conventional  SEM 
or  TEM  techniques  in  several  aspects.  First,  instead  of  using  secondary 
electrons,  EBSP  uses  high  energy  back  scattered  electrons.  And  secondly, 
the  substrate  ot  an  EBSP  specimen  is  usually  tilted  with  respect  to  the 
beam,  since  the  generation  of  back  scattered  electrons  is  more  efficient 
when  the  substrate  is  tilted.  The  tilting  angle  was  presently  chosen  to  be 
70.5°.  One  significant  effect  of  tilting  the  substrate  is  that  the  diffraction 
patterns  obtained  exhibit  the  characteristics  of  a  gnomonic  projection.  The 
distance  between  any  two  zone  axes  in  a  gnomonic  projection  is  not  in 
proportion  to  the  interzonal  angles.  The  interzonal  angles  must  be 
measured  with  respect  to  the  pattern  center,  or  the  beam  center,  which 
requires  the  use  of  a  standard  sample  to  locate  the  pattern  center. 
Another  effect  of  the  tilting  substrate  is  foreshortening  of  the  image  along 
one  side,  which  limits  the  uses  of  EBSP.  It  has  been  found  that  the  effect 
of  foreshortening  becomes  more  critical  when  the  sizes  of  the 
microstructures  are  within  the  spatial  resolution  of  EBSP,  i.e.,  200  nm.  For 


lead  titanate  the  domain  sizes  are  around  0.5  -  1.0  pm,  which  is  about  the 
spatial  resolution  of  EBSP.  Sometimes,  it  is  difficult  to  obtain  an  EBSP  for  a 
particular  domain. 

Although  there  are  limitations,  EBSP  is  very  effective  in  identifying 
domain  structures  in  lead  titanate  [8].  The  tetragonal  phase  of  lead 
titanate  at  room  temperature  has  a  c/a  value  of  1.06,  which  is  just  above 
the  limitation  of  EBSP,  i.e.,  4%  measurement  error  in  the  lattice 
parameters.  Three  different  EBSP  patterns  representing  three  possible 
polarization  directions  of  a  tetragonal  unit  cell  have  been  obtained.  A 
simple  rule  regarding  the  identification  of  domain  orientations  from  these 
EBSP  patterns  has  been  developed  [8],  based  upon  the  measurement  of 
interzonal  angles  between  two  major  zone  axes.  Detailed  analysis  of  EBSP 
patterns  is  not  repeated  here,  however,  the  results  from  previous  work 
[8]  are  summarized  in  Table  1.  In  an  EBSP  pattern  of  lead  titanate,  as 
illustrated  in  Fig.  1,  there  are  two  major  zone  axes,  <100>  and  <11 0>.  The 
interzonal  angles  between  the  two  major  zone  axes  gives  sufficient 
information  to  determine  the  domain  orientation.  For  instance,  a  small 
interzonal  angle,  43.2°,  represents  a  "c"  domain.  Whereas  if  the  interzonal 
angle  is  45.0°  or  larger,  then  the  domain  is  an  "a"  domain.  The  possible 
polarization  direction  of  an  "a"  domain  depends  on  the  exact  value  of  the 
interzonal  angle.  For  the  45.0°  case,  the  polarization  vector  of  this  "a" 
domain  locates  perpendicularly  to  the  line  joined  by  the  two  major  zone 
axes  and  the  domain  is  denoted  as  an  "a<-4"  domain.  On  the  other  hand,  if 
the  interzonal  angle  is  46.8°,  then  the  polarization  direction  is  in  the 
joined  line  and  is  an  "a$ "  domain.  With  this  simple  rule,  the  crystal 
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orientations  of  each  domain  in  the  habit  plane  variants  can  be  easily 
identified.  The  meanings  of  a<->  and  at  are  also  shown  in  Table  1. 

Other  important  crystallographic  information  which  may  also  be 
obtained  from  EBSP  are  the  possible  twin  planes  and  twinning  shear.  As 
discussed  above,  an  EBSP  pattern  of  each  domain  is  obtained  by  focussing 
the  electron  beam  onto  an  individual  domain  area.  However,  when  the 
electron  beam  straddles  a  domain  boundary,  a  superposed  EBSP  pattern  is 
obtained.  This  superposed  pattern  consists  of  a  pattern  from  each  domain, 
and  shows  symmetry  about  the  twin  plane  normal.  Thus  the  possible  twin 
plane  and  twinning  shear  may  be  determined  by  analyzing  the  symmetry 
of  EBSP  patterns  and  their  relative  rotation.  Determining  the  twinning 
shear  from  an  EBSP  pattern  is  a  little  different  than  in  TEM.  Due  to  the 
distortion  introduced  by  the  gnomonic  projection,  it  is  inappropriate  to 
measure  the  interplanar  angles  directly  from  an  EBSP.  One  must  instead 
measure  them  with  respect  to  the  pattern  center.  Detailed  analyses  of  the 
interplanar  angles  and  twin  planes  will  be  discussed  later. 

3.  Experimental  Observations  on  Habit  Plane  Variants 

3.1  Image  Contrast  Revealed  from  Optical  Microscopy 

According  to  theoretical  calculations  [1],  two  crystallographically 
equivalent  twin  planes  may  occur  in  each  habit  plane  variant.  Therefore, 
it  is  of  interest  to  observe  these  twin  planes  experimentally.  Some 
evidence  on  habit  plane  variants  from  optical  microscopy  is  presented  in 
Figure  3  in  which  the  microstructure  of  three  variants  is  shown.  Sharp 


image  contrast  was  observed  in  variants  "A",  indicating  that  the  domains 
are  of  the  "a-c"  type,  and  according  to  Fig.  9(a)  from  part  I  [1]  these 
variants  must  have  either  (101)  or  (101)  twin  planes.  The  twin  planes  in 
variants  A,  however,  are  not  perpendicular  to  the  plane  of  the  surface, 
but  are  tilted  at  4^  degrees  to  the  surface.  Variant  "B"  shows  very  little 
contrast,  but  with  some  faint  lines  running  at  45  degrees  across  the 
variant.  According  to  Fig.  9(c)  [1],  this  is  a  variant  with  a  (110)  twin  plane. 
The  twin  planes  in  this  case  are  perpendicular  to  the  plane  of  the 

micrograph.  The  junction  planes  separating  variants  A  and  B,  as  marked 

by  "j",  are  noted  to  be  not  very  straight,  in  contrast  to  the  straight  traces 

of  twin  planes. 

3.2  Three  Dimensional  Domain  Arrangements  Observed  by  SEM 

There  is  a  limitation  of  using  optical  microscopy  to  observe  domain 
structures  in  lead  titanate.  The  sizes  of  variants,  as  seen  from  Fig.  3,  are 
between  20  to  100  pm,  which  can  be  easily  recognized  under  an  optical 
microscope.  However  the  fine  structures  in  each  variant,  especially  those 
in  the  "a-a"  domains,  are  hardly  distinguished,  because  they  are  about  1 
pm  or  smaller,  which  is  beyond  the  resolution  of  optical  microscopy.  Also 
the  depth  of  focus  of  the  optical  microscope  is  low,  and  it  is  almost 
impossible  to  see  three  dimensional  domain  arrangements.  Scanning 
electron  microscopy,  however,  provides  the  advantages  of  high 
magnification  and  high  depth  of  focus.  Three  dimensional  domain 

structures  may  be  easily  observed  with  SEM.  A  micrograph  of  an  etched 
sample  is  shown  in  Fig.  4(a).  The  interesting  finding  here  is  that  the  twin 
planes  of  two  variants,  as  seen  from  the  side,  are  different,  although  they 
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all  show  parallel  trace  lines  on  the  surface.  Comparing  to  Fig.  9(b)  [1],  one 
variant  is  thus  identified  with  an  (Oil)  type  twin  plane  and  the  other 
with  (01 1).  Not  only  can  one  find  two  types  of  twin  planes  in  two 
variants,  but  also  it  is  possible  to  observe  two  different  twin  planes 
within  one  variant.  As  illustrated  in  Fig.  4(b),  there  are  two  different  twin 
planes  in  this  variant.  These  SEM  results  clearly  support  the  ideas  of  habit 
plane  variants  as  predicted  from  theoretical  calculations:  that  for  each 
variant  there  are  two  crystallographically  equivalent  substructures.  As 
mentioned  in  part  I  [1],  it  is  easy  to  see  two  different  twin  planes  for 
variants  with  (110)  and  (110)  type  twin  planes  only  from  the  surface. 
One  case  is  Fig.  4(c),  where  two  variants  are  shown.  Variant  A  on  the  left 
is  an  "a$c"  type  domain,  whereas  variant  B  on  the  right  is  an  "a-a"  type.  It 
is  clearly  seen  that  two  types  of  twin  planes  are  within  variant  B:  (110) 
and  (110).  Both  are  in  the  edge-on  orientation. 

Three  dimensional  domain  arrangements  in  lead  titanate  are  not  as 
simple  as  implied  from  the  surface.  Due  to  the  possibility  of  forming  two 
types  of  twin  planes  in  one  variant,  the  twinning  elements  may  change 
from  one  type  to  another  just  within  a  few  pm  below  the  surface.  Figure 
4(d)  illustrates  the  changes  of  twin  planes  within  one  variant.  As  a  result, 
for  an  as-grown  lead  titanate  crystal  it  is  almost  impossible  to  claim  that 
a  variant  with  only  one  type  of  twin  plane  is  obtained,  even  if  only  one 
type  of  twin  plane  is  observed  on  the  surface. 

3.3  Domain  Orientation  and  Possible  Twin  Planes  Identified  by  EBSP 

Crystallographic  aspects  of  domain  structures  in  parallel  bands  and 
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herringbone  type  domains  are  considered  in  this  section.  EBSP,  as 
discussed  in  the  above,  is  very  effective  in  revealing  the  domain 
structures.  The  domain  orientation  as  well  as  the  twinning  shear  can  be 
obtained  by  analyzing  the  interzonal  angles  and  interplanar  angles. 
However,  both  of  these  analyses  require  the  position  of  the  pattern 
center.  It  is  thus  necessary  to  have  an  EBSP  measurement  made  on  a 
standard  silicon  crystal  first  to  locate  the  pattern  center.  The  conditions 
for  all  measurements  were  chosen  as  30  Kev  and  31  mm  working 
distance.  Figure  5  shows  an  EBSP  pattern  from  [100]  silicon.  Since  the 
substrate  holder  was  tilted  at  70.5°,  the  electron  beam  from  the 
prominent  [114]  zone  of  the  cubic  crystal  will  hit  the  phosphor  screen 
perpendicularly.  Therefore,  the  pattern  center  locates  exactly  at  the 
position  of  the  [114]  zone  from  a  silicon  EBSP  pattern.  A  lead  titanate 
single  crystal  with  both  parallel  bands  and  herringbone  type  domains,  as 
shown  in  Fig.  6,  was  then  inserted  into  the  SEM.  All  EBSP  measurements 
were  conducted  on  that  sample  without  taking  out  the  sample  or 
recalibrating  the  system. 

3.3a  Parallel  Bands 

As  seen  from  optical  micrographs,  parallel  bands  contain  alternate 
domain  bands.  The  examination  of  domain  structures  in  parallel  bands 
was  conducted  by  focussing  the  electron  beam  at  the  individual  domains 
and  the  twin  boundaries  of  each  of  the  bands.  Three  EBSP  patterns  from 
each  band,  as  shown  in  Fig.  7,  were  taken.  Patterns  7(a),  7(b),  and  7(c)  are 
from  band  1  with  less  image  contrast,  whereas  patterns  7(d),  7(e),  and 
7(f)  are  from  adjacent  band  2  with  parallel  trace  lines.  Detailed  analyses 
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on  these  EBSP  patterns  for  domain  orientation  identification  were  carried 
out  by  measuring  the  interzonal  angles  [8].  The  angles  between  two  <100> 
and  <110>  zone  axes  were  obtained  by  determining  the  coordinates  of  two 
zone  axes  with  respect  to  the  pattern  center,  and  then  calculating  the 

inverse  cosine  of  the  scalar  product  of  the  two  zone  axes  vectors.  Using 
this  method,  three  different  interzonal  angles  were  obtained,  representing 
three  possible  domain  orientations.  A  simple  rule  [8]  based  on  the 

interzonal  angles  between  <100>  and  <110>  zone  axes  was  established 
from  which  the  polarization  vectors  of  each  domain  are  uniquely 

determined.  According  to  this  rule,  pattern  7(a)  represents  an  "a<-> " 
domain  whereas  pattern  7(b)  indicates  an  "at"  domain;  this  gives  band  1 
a  structure  of  "a-a"  type  domains.  On  the  other  hand,  patterns  7(d)  and 
7(e)  are  found  to  be  "c"  and  "a£"  domains.  Therefore  band  2  consists  of 
"ate"  type  domains.  These  results  confirm  the  observations  from  optical 
microscopy  that  parallel  bands  contain  alternate  90  degree  "a-a"  and  "a-c" 
type  domains. 

More  interesting  EBSP  patterns  are  the  ones  from  the  twin 

boundaries.  Patterns  7(c)  and  7(f)  are  for  bands  1  and  2,  respectively.  It 
is  noted  that  these  patterns,  in  fact,  consist  of  superposed  EBSP  patterns 
from  each  of  the  twins.  The  possible  twin  planes  may  be  identified  by 
comparing  these  superposed  patterns  to  simulated  ones  with  particular 
attention  to  (101)  planes.  Schematics  showing  the  simulated  superposed 
EBSP  patterns  from  "a<-»",  "at"  ,  and  "c"  domains  are  drawn  in  Fig.  8.  These 
patterns  are  obtained  by  aligning  two  EBSP  patterns  with  the  assumed 
{101}  twin  planes,  whereas  other  planes  are  drawn  accordingly.  Due  to 
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the  twinning  shear,  they  may  be  offset,  diverged  or  converged.  For 
example,  Fig.  8(a)  shows  a  superposed  pattern  with  (110)  twin  plane  in 
which  the  (110)  planes  from  two  domains  are  aligned  together  whereas 
the  (1 10)  and  (010)  planes  diverge  due  to  the  twinning  shear.  Figure  8(b) 
shows  another  example  with  (110)  twin  plane.  The  (110)  and  (010) 

planes  from  two  domains  are  now  diverged.  Comparing  pattern  7(c)  to 
8(b),  the  twin  plane  of  band  1  is  thus  identified  as  a  (1 10)  type.  A  similar 
consideration  is  applied  to  pattern  7(f)  of  band  2.  Superposed  EBSP 
patterns  showing  (101)  or  (101)  type  twin  planes  are  illustrated  in  Fig. 
8(c)  and  8(d).  Two  patterns  from  "c"  and  "at"  domains  are  aligned  with 
the  assumed  twin  plane  which  results  in  the  separation  of  (100),  (110) 

and  (1 10)  planes.  It  is  noted  that  pattern  8(c)  is  different  from  8(d). 

Pattern  8(c)  with  (101)  twin  plane  shows  converged  (110)  and  (110) 

plane  traces,  whereas  these  planes  diverge  in  the  case  of  a  (101)  twin 
plane.  According  to  this  difference,  the  twin  plane  in  band  2  is  identified 
as  a  (101)  type.  The  domain  structures  examined  here  therefore  consist  of 
"a-a"  and  "ale"  type  domains,  and  the  associated  twin  planes  of  each 
variant  are  (1 10)  and  (101). 

The  magnitude  of  the  twinning  shear  may  be  determined  by 
measuring  the  angle  extended  by  the  two  (110)  planes  in  the  superposed 
pattern  in  Fig.  7(c).  It  is  known  that  due  to  the  distortion  in  the  gnomonic 
projection  the  angle  between  the  two  conic  pairs  in  an  EBSP  pattern  does 
not  represent  the  true  interplanar  angle.  The  true  angle  must  be 
measured  with  respect  to  the  pattern  center.  From  simple  geometry,  the 
interplanar  angle  is  obtained  by  calculating  the  inverse  cosine  of  two 
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plane  normals,  while  the  plane  normal  of  each  plane  is  determined  by  a 
cross  product  of  any  two  vectors  in  the  plane.  Therefore,  one  may  choose 
two  zone  axes  from  each  plane  in  an  EBSP,  and  then  determine  the 

coordinates  of  these  with  respect  to  the  pattern  center.  After  a  cross 
product  calculation,  two  plane  normals  are  thus  determined:  [0.560, 
0.747,  -0.358]  and  [0.677,  0.650,  -0.346].  Taking  the  inverse  cosine  of  the 
scalar  product  of  the  two  plane  normals,  one  gets  the  twinning  shear 

angle,  8.68°.  The  corresponding  twinning  shear  magnitude  is  about  0.153, 
in  contrast  to  the  value  calculated  from  S(=c/a-a/c),  0.126.  The  difference 
is  about  0.027  (or  1.55p).  This  is  quite  reasonable,  since  there  is  some 
measurement  error  in  determining  the  coordinates  of  the  zone  axes. 

3.3b  Herringbone  Structures 

Similar  EBSP  measurements  were  also  carried  out  for  the 
herringbone  domains.  Two  adjacent  bands,  bands  3  and  4,  were 
considered,  and  three  EBSP  patterns  from  each  band  were  obtained.  The 
results  are  presented  in  Fig.  9.  Patterns  9(a),  9(b),  and  9(c)  are  from  band 
3,  whereas  the  remaining  three  patterns  are  from  band  4.  Using  the 

simple  rule,  patterns  9(a)  and  9(d)  are  easily  identified  as  "c"  domains 
and  patterns  9(b)  and  9(f)  are  "a<-»"  and  "a$"  domains,  respectively.  Band 
3  thus  consists  of  ”a<-»  c"  type  domains  and  band  4  is  of  "a$c"  type 

domains.  This  gives  the  result  that  herringbone  structures  contain  only  90 
degree  a-c  type  domains,  which  is  quite  consistent  with  the  observations 
from  optical  microscopy. 


The  twin  plane  of  herringbone  domains  may  be  determined  in  a 
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similar  way  as  that  for  parallel  bands.  One  can  identify  the  twin  plane  by 
comparing  the  superposed  EBSP  patterns  to  the  simulated  ones.  Two 
different  superposed  EBSP  patterns,  9(c)  and  9(f),  were  obtained  for 
bands  3  and  4  in  herringbone  domains.  It  is  noted  that  pattern  9(c)  shows 
converged  (110)  planes  on  the  left  and  diverged  (110)  planes  on  the 
right.  The  (010)  planes  in  the  center  are  offset,  whereas  the  (100)  planes 
are  merged  together.  On  the  other  hand,  pattern  9(0  has  converged  (110) 
and  (110)  planes.  Only  one  merged  (010)  plane  is  seen  in  pattern  9(0-  As 
evidenced  from  Fig.  8  pattern  9(c)  has  a  (011)  twin  plane  and  pattern  9(0 
a  (101)  twin  plane.  The  herringbone  domains  examined  here  thus  consist 
of  "a<->c"  and  "ale"  domain  bands,  with  (011)  and  (101)  twin  planes. 

4.  Discussion 

To  treat  a  ferroelectric  phase  transformation  as  a  martensitic  type 
transformation  is  still  not  conventional.  One  needs  to  investigate  not  only 
the  microstructures  of  the  domains  (the  martensites),  but  also  the 
transformation  characteristics  as  well.  In  part  I,  we  have  used  the 
crystallographic  martensitic  theory  to  define  the  habit  plane  variants,  and 
in  part  II,  these  variants  were  examined  thoroughly  by  EBSP.  However,  it 
is  still  desirable  to  discuss  the  characteristics  of  ferroelectric 
transformations  in  detail  to  fully  explore  the  differences  or  similarities 
between  the  transformations  in  ferroelectrics  and  in  metals.  Several 
aspects  regarding  the  transformation  characteristics  in  ferroelectrics,  such 
as  transformation  volume  change,  principal  strains,  hysteresis,  and 
conductivity,  will  be  addressed  particularly  in  the  following. 
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Most  ferroelectrics  exhibit  a  small  transformation  volume  change 
and  small  principal  strains  during  transformation.  Lead  titanate  has  a 
0.52%  volume  change  and  0.9959  (a/ao)  principal  strains  [9],  which  in  fact 
resembles  the  cases  in  In-Tl  [10]  and  the  R-phase  in  Ni-Ti  [11].  Both  In-Tl 
and  the  R-phase  have  a  martensitic  transformation  close  to  room 
temperature,  and  the  volume  change  during  transformation  is  very  small, 
only  -0.13%  and  -0.012%  for  In-Tl  and  the  R-phase,  respectively  (Table 
2).  Moreover,  the  magnitude  of  principal  strains  in  these  materials  are  on 
the  same  order.  Therefore,  there  is  no  reason  to  disqualify  ferroelectrics 
as  martensite,  even  if  small  volume  changes  and  principal  strains  are 
involved. 

Secondly,  the  hysteresis  in  ferroelectric  transformations  is  found  to 
be  very  small.  Within  2-5  degrees  lead  titanate  is  completely  transformed 
into  the  ferroelectric  state.  However,  one  can  not  rule  out  the  ferroelectric 
transformation  as  being  a  martensitic  type  transformation  because  of  this 
small  hysteresis,  since  the  hysteresis  in  In-Tl  and  the  R-phase  is  also  very 
small:  only  1-4  and  2  degrees  for  the  In-Tl  and  R-phase  cases  (Table  2). 
Although  the  hysteresis  in  lead  titanate  is  small,  one  can  still  see  both 
martensite  and  parent  phase  at  the  same  time  by  a  properly  designed 
heating  stage  in  which  a  temperature  gradient  is  maintained  across  the 
sample.  Then  a  single-interface  transformation  [12]  [13]  may  proceed  as 
has  been  described  before.  At  room  temperature,  lead  titanate  usually 
contains  only  habit  plane  variants,  separated  by  junction  planes. 


15 


One  may  argue  that  because  of  the  electric  charge  effect  there  could 
be  some  differences  between  a  transformation  in  ferroelectrics  and  one  in 
metals.  As  observed  by  Fesenko  et  al.  [12],  the  conductivity  of  an 
undoped  lead  titanate  crystal  is  very  high  at  the  transformation  region, 
e.g.,  10  (ohm-cm)  ,  while  it  drops  off  dramatically  at  room  temperature. 
Although  one  sees  the  ferroelectric  effect  at  room  temperature,  the 
transformation  strain  is  evidently  still  predominant  over  the  electric 
charge  effect  during  the  high  temperature  transformation.  At  490  °C,  the 
habit  planes  {0  2  3}  predicted  by  the  martensitic  theory  carry  the  parent 
phase  into  a  martensite  structure,  and  the  transformation  twins,  as 
required  in  a  martensitic  transformation  to  accommodate  the 
transformation  strain,  are  formed  as  a  substructure  within  the  habit 
plane  variants. 

From  these  various  experimental  considerations,  the  treatment  of  a 
ferroelectric  transformation  as  a  martensitic  transformation  is  considered 
to  be  appropriate.  The  domains  in  lead  titanate,  as  discussed  in  part  I, 
may  be  correlated  with  habit  plane  variants  through  the  considerations  of 
a  martensitic  transformation.  Banded  type  domains  have  been  observed 
frequently  in  single  crystal  samples  and  ceramics  [14]  [15],  however,  it  is 
still  untraditional  to  use  a  concept  from  martensitic  crystallographic 
theory  to  account  for  these  microstructures.  Only  few  papers  have 
reported  the  success  of  using  martensitic  theory  to  characterize  a 
transformation  in  ceramics,  e.g.,  Zr02  [16]  and  BaTi03  [17].  A  direct 
connection  between  the  domains  and  transformation  in  ceramics  is  still 
very  limited.  The  examination  of  domain  bands  by  using  optical 
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microscopy,  SEM,  and  EBSP  clearly  demonstrates  the  validity  of  habit 
plane  variants  in  ferroelectric  materials.  It  is  found  from  experiments 
that  alternate  bands  in  parallel  band  domains  consist  of  "a-c"  and  "a-a" 
type  domains.  For  herringbone  domains,  the  domains  are  identified  as 
due  to  "a$c"  and  "a«-*c"  type  domains.  These  90  degree  domains  are  the 
substructures  of  habit  plane  variants,  as  required  by  the  martensitic 
theory. 

The  twin  plane  of  variants  is  determined  from  EBSP  by  comparing 
superposed  EBSP  patterns  to  simulated  ones.  Four  kinds  of  twin  planes 
were  found  in  the  examples  discussed  in  this  paper.  It  is  also  possible  to 
see  all  six  twin  planes  in  lead  titanate.  It  must  be  pointed  out  that  due  to 
a  lack  of  rotation  freedom  during  EBSP  measurements,  one  can  not  rotate 
the  samples  to  the  edge-on  condition  to  get  a  more  symmetrical  EBSP 
pattern  as  in  TEM.  However,  the  difference  between  the  superposed 
patterns  is  still  large  enough  to  distinguish  between  them.  With  all  six 
simulated  patterns,  as  illustrated  in  Fig.  8,  {101}  type  twin  planes  for  each 
variant  may  be  easily  identified. 

Up  to  now,  the  microstructure  of  variants,  i.e.,  the  domain 
orientations  and  twin  planes,  have  been  thoroughly  investigated.  The 
problem  not  discussed  in  detail  is  the  determination  of  the  "junction 
planes"  between  the  variants.  Junction  planes  in  lead  titanate  are  deduced 
here  to  be  {101}  type  planes.  Several  papers  have  reported  that  the 
junction  planes  for  In-Tl  [18]  and  Ni-Al  [19]  alloys,  exhibiting  a  similar 
cubic-to-tetragonal  transformation,  belong  to  {101}  type  planes. 


Schroeder  and  Wayman  [20]  discussed  the  relationship  between  the 
junction  plane  and  twin  planes  in  Cu-Zn  alloys.  They  found  that  the 
junction  plane  is  a  bisecting  plane  between  two  variants,  which  would 
intersect  the  twin  planes  of  each  variant  and  provide  a  mirror  reflection 
between  them.  From  EBSP  measurements,  we  found  that  the  twin  planes 
in  parallel  bands  are  (101)  and  (110)  planes.  The  junction  plane*  in  this 
case  must  be  the  (Oil)  plane.  In  a  stereographic  projection.  Fig.  10(a),  the 
great  circles  of  two  twin  planes  from  adjacent  variants  intersect  at  the 
zone  axis,  Z\.  The  only  {101}  type  plane  which  would  pass  through  this 
zone  axis  and  provide  a  reflection  symmetry  for  the  two  twin  planes  is 
the  (Oil)  plane.  Similarly,  the  junction  plane  for  herringbone  type 
domains  may  also  be  determined  from  a  stereographic  projection.  Since 
the  twin  planes  of  herringbone  domains  are  (101)  and  (Oil)  type  planes, 
the  junction  plane  for  this  herringbone  structure,  as  determined  from  the 
stereographic  projection,  is  (110),  Fig.  10(b). 

5.  Conclusions 

In  this  paper,  the  microstructures  of  habit  plane  variants  have  been 
investigated  by  using  optical  microscopy,  SEM,  and  EBSP.  Optical 
micrographs  clearly  indicate  that  the  images  of  "a$c"  and  "a<->c"  type 
domains  show  more  contrast  than  "a-a"  type  domains.  SEM  micrographs 
provide  further  evidence  on  the  three  dimensional  domain  arrangements 
and  confirm  that  for  each  habit  plane  variant  there  are  two  possible 

*The  junction  plane  considered  here  is  only  limited  to  the  examples  which  were 
discussed  in  this  paper.  Other  cases  may  be  possible  if  different  combinations  of 
twin  planes  are  involved. 


twinning  elements.  By  analyzing  the  interzonal  and  interplanar  angles 
from  EBSP,  crystallographic  information  regarding  the  domain 
orientations  and  the  twinning  shear  were  obtained.  The  twin  plane  is 
determined  by  comparing  superposed  EBSP  patterns  to  simulated  ones.  It 
is  found  that  parallel  bands  consist  of  alternate  "a-c"  and  "a-a"  type 
domains,  and  the  twin  planes  belong  to  {101}  type.  On  the  other  hand, 
herringbones  are  formed  with  alternate  Ma$c"  and  "a<-»c"  type  domains. 
The  junction  planes  separating  the  habit  plane  variants  in  the  parallel 
bands  and  in  herringbone  domains  are  both  identified  as  {101}  type 
planes. 

Therefore,  given  the  above  crystallographic  characteristics,  in 
addition  to  the  transformation  hysteresis,  principal  strains,  and  volume 
change,  we  consider  the  cubic-to-tetragonal  transformation  in  PbTi03  to 
be  fundamentally  martensitic  in  nature. 
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Figure  Captions 

Fig.  1  A  "c"  domain  EBSP  pattern  for  lead  titanate.  Note  the  two  major 

zone  axes,  (001)  and  (101).  The  interzonal  angle  between  these  two 
determines  the  polarization  vector  of  the  domain. 

Fig.  2  A  schematic  diagram  showing  the  fundamentals  of  EBSP.  Diffracted 
electrons  from  a  plane  form  a  conic  pair  in  an  EBSP  pattern.  The 
intersection  of  two  conic  pairs  gives  the  position  of  the  zone  axis. 

Fig.  3  An  optical  micrograph  showing  three  habit  plane  variants  of 

parallel  band  domains.  Variants  "A"  show  more  contrast,  indicating 
domains  are  of  "a-c"  type.  Variant  "BM  shows  very  little  contrast,  and 
is  an  "a-a"  type  domain. 

Fig.  4  SEM  micrographs  showing  three  dimensional  microstructures  of 
habit  plane  variants.  As  seen  from  side  view  and  indicated  by 
arrow,  (a)two  different  twinning  elements  occur  in  two  variants. 
(b)two  different  twin  planes  are  within  one  variant,  (c)two  variants 
with  "a$c"  domains  on  the  left  and  "a-a"  domains  on  the  right.  Two 
twinning  elements  are  noted  in  "a-a"  domains.  (d)Three  dimensional 
domain  arrangements  showing  the  change  of  twinning  elements 
within  one  variant. 
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Fig.  6  A  lead  titanate  crystal  with  (a)parallel  bands  and  (b)herringbone 
domains.  Note  the  optical  micrograph  image  is  reversed. 

Fig.  7  EBSP  patterns  for  a  parallel  bands,  (a),  (b),  and  (c)  are  from  band  1 
with  less  surface  contrast  whereas  (d),  (e),  and  (f)  are  from  band  2 
with  more  contrast.  Domain  structures  of  these  patterns  are:  (a)"a<->" 

(b) "a$"  (d)"c"  (e)"a$",  and  (c)"a«-»a$"  domain  boundary  with  (110) 
twin  plane,  (f)"a$c"  domain  boundary  with  (101)  twin  plane. 

Fig.  8  Schematics  showing  the  simulated  superposed  EBSP  patterns.  Note 
the  divergence  or  convergence  of  (110)  and  (110)  planes.  "Bold"  line 
indicates  the  twin  plane  position. 

Fig.  9  EBSP  patterns  for  herringbone  domains.  Patterns  (a),  (b),  and  (c) 

are  for  band  3,  and  patterns  (d),  (e),  and  (f)  are  for  band  4.  Domain 
structures  of  these  patterns  are:  (a)"c"  (b)"a<V  (d)"c"  (e)"a$",  and 

(c) "a«->c"  domain  boundary  with  (Oil)  twin  plane,  (f)"a$c"  domain 
boundary  with  (101)  twin  plane. 

Fig.  10  A  stereographic  projection  illustrating  the  determination  of 

junction  planes  for  (a)parallel  bands  and  (b)herringbone  domains. 


TABLE  1  Interzonal  Angles  Between  100  and  110  Type  Zone  Axes  in 
Lead  Titanate 

001  -  101  100  -  101  100  -  110 

001  -  011  010  -  011  010  -  110 


X-ray  43.2°  46.8°  45.0° 


Twin  Plane 


Twin  Plane 


TABLE  2  Comparsions  of  Transformation  Characteristics  Between  PbTiC>3  [9],  In-Tl  [10], 
and  R-Phase  in  Ni-Ti  [11] 
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Thermal  stability  of  field-forced  and  field-assisted  antiferroelectric 
ferroelectric  phase  transformations  in  Pb(Zr,Sn,Ti)03 
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Antiferroelectric  (AFE) -ferroelectric  phase  transformations  in  tin-modified  lead  zirconate 
titanate,  i.e.,  Pb(Zr,Sn,Ti)03  are  reported.  A  martensitic-type  approach  is  developed 
to  explain  the  observed  thermal  hysteresis  and  field-induced  transformation  behavior.  A  model 
is  proposed  with  transformation  fields  where  the  forward  EF  and  reverse  EA  field 
strengths  are  related  to  the  transformation  barrier  to  the  ferroelectric  state,  and  to  the  AFE 
sublattice  coupling,  respectively.  The  thermal  stability  of  the  AFE  state  can  therefore 
be  determined  with  respect  to  the  field-induced  transformation  behavior.  A  distinction  is  made 
between  field-forced  and  field-assisted  transformations,  which  depend  on  temperature 
and  thermal  hysteresis,  and  which  are  related  to  reversible  and  irreversible  field-induced 
characteristics.  Data  are  reported  for  polarizations  and  strains,  and  discussed  with 
respect  to  the  proposed  thermodynamic  model  and  device  applications. 


I.  INTRODUCTION 

In  this  paper  we  report  on  phase  transformation  stud¬ 
ies  in  the  Pb(Zr,Sn,Ti)03  system  (i.e.,  PZST).1'3  Atten¬ 
tion  is  paid  to  the  effect  of  electric  field  E  on  phase  stabil¬ 
ity,  with  emphasis  on  the  induction  of  the  ferroelectric 
(FE)  state  from  the  antiferroelectric  (AFE)  state  as  a 
function  of  temperature  T.  Previous  studies  have  reported 
on  induced  polarizations  P  and  strains  e, 1,4,5  and  a  general 
thermodynamic  phenomenology6-8  has  evolved  to  explain 
the  transformation  behavior.  However,  several  experimen¬ 
tal  observations  of  phase  irreversibility 1,2-9  (to  be  discussed 
iater)  have  yet  to  be  explained,  and  are  the  subject  of  this 
study.  The  intent  is  to  develop  a  model  and  formalism  by 
which  the  thermal  stability  of  field-induced  FE-AFE  trans¬ 
formations  can  be  explained.  This  could  become  important 
and  significant  for  device  applications,  where  shape  and 
volume  changes  accompany  the  induced  transformation. 
For  example,  the  thermal  stability  and  .  recyclability  of  elec¬ 
tromechanical  actuators  and  positioners,4'5,10’11  and  elec¬ 
tro-optical  storage  devices,9  can  be  explained  by  this  ap¬ 
proach. 

The  thermodynamic  formalism  that  has  developed  is 
particularly  useful  for  describing  the  thermal  stability  of 
FE  and  AFE  materials  which  transform  into  a  paraelectric 
(PE)  state  on  heating.12  For  example,  the  induction  of  FE 
properties  from  a  PE  state,  with  increasing  field  strength, 
can  be  described  and  predicted.13  However,  difficulty  is 
experienced  in  mimicking  the  induced  FE  behavior  from 
an  AFE  state,  especially  if  the  transformation  is  of  the  first 
order.7,14  In  this  paper  we  propose  a  martensitic-type 
approach15  to  explain  the  field-induced  first-order  phase 
transformation  behavior  from  AFE  to  FE  states,  with  em¬ 
phasis  on  thermal  stability. 

II.  MODEL 

The  proposed  model  follows  standard  thermodynamic 
treatments  with  inclusion  of  a  thermodynamic  barrier  AG* 


for  the  phase  transformation  to  proceed.  Phase  stability  is 
dictated  by  the  phase  with  the  lowest  free  energy  G.  Figure 
1  illustrates  the  change  in  free  energy  and  free-energy  dif¬ 
ference  AG  as  a  function  of  temperature  for  FE  and  AFE 
states.  For  example,  at  temperatures  above  T0  the  AFE 
state  is  more  stable.  At  temperatures  below  Tq,  the  free- 
energy  difference  between  FE  and  AFE  states,  AGfeafe, 
becomes  progressively  more  negative,  and  the  driving  force 
for  the  transformation  to  proceed  increases  accordingly. 
However,  because  of  the  transformation  barrier  AG*,  a 
region  of  thermal  hysteresis  exists  and,  the  pathway  passes 
through  a  region  of  metastability  (higher  free  energy)  be¬ 
fore  the  transformation  occurs.  The  transformation  tem¬ 
perature  7>  to  the  ferroelectric  state  occurs  on  cooling 
when  AGfe  afe>AGJ.  Similarly,  a  transformation  to  the 
AFE  state  occurs  on  heating  TA  with  a  transformation 
barrier  AGJ,  and  a  region  of  metastability  Ta—Tq,  where 
AGfe  afe>0.  The  total  thermal  hysteresis  AT  is  TA  —  TF, 
where  T0—  T F  and  TA—T0  represent  the  undercooling  and 
overheating  necessary  to  trigger  the  transformations  over 
the  respective  barriers  (AGJ,  AGJ)  into  the  FE  or  AFE 
states.  A  barrier  gives  rise  to  a  discontinuity  in  certain 
properties  at  the  phase  transformation  temperature,  and  is 
characteristic  of  a  first-order  transformation. 

Below  Tp,  in  the  FE  state,  there  is  spontaneous  polar¬ 
ization  PF,  at  zero  field,  that  can  be  reoriented  on  applica¬ 
tion  of  an  electric  field  of  sufficient  strength  Ec  to  give  rise 
to  dielectric  hysteresis.  Above  Ta,  in  the  AFE  state,  there 
are  equal  but  opposite  spontaneous  polarizations  P#  Pb  on 
interpenetrating  sublattices  (a  and  b)  which  are  coupled  to 
give  a  net  AFE  polarization  PA  of  zero  at  zero  field.  Close 
to  the  phase  transformation  temperature  (to  be  discussed 
below)  the  FE  state  can  be  induced  from  the  AFE  state  on 
application  of  a  suitable  field  strength. 

Kittel12  described  the  properties  of  AFE  materials  in 
terms  of  a  free-energy  expression 
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FIG.  1.  Temperature  dependence  of  free  energy  G  and  free-energy  differ¬ 
ence  AGfe"afe  between  ferroelectric  (FE)  and  antiferroelectric  (AFE) 
states.  The  phase  change  occurs  spontaneously  on  cooling  when  the  free- 
energy  difference  AGfe  afe  is  greater  than  the  transformation  barrier 
AG£. 


GAFE=/(/*  +  /*)  +  gPJPb  +  hU*  +  P*b)  +  j( +  t *), 

(1) 

where  /,  g,  h,  and  j  are  thermodynamic  coefficients.  Cross16 
later  considered  the  induction  of  the  FE  state  from  the 
AFE  state,  and  the  total  free  energy  for  the  FE  state  at 
high  field  and  polarization  can  be  expressed  by 

<^-5  (/+  fj^  +  5  (/-!)d  + 1  <^+ 

+  4)  +  {2  ^ + ^  + ^44(4  +  4)  1 

-  PfE,  (2) 

where  Pp=Pa  +  Pb  and  PA—Pa  —  Pb  at  E,  and 

AGFE -  AFE=GFE  -  GAFE=  -  PfE.  (3) 

Figure  2  illustrates  the  lowering  of  the  free-energy  dif¬ 
ference  between  the  two  states,  AGfeafe,  on  application  of 
an  electric  field.  Compared  with  Fig.  1,  AGfe  afe  goes  to 
zero  now  at  a  higher  temperature  K  i  e.,  the  phase  trans¬ 
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FIG.  2.  The  FE  phase  can  be  induced  on  cooling  from  the  AFE  state  on 
application  of  an  electric  field.  Above  To,  a  field-forced  transformation 
occurs  when  the  electric  work  done  is  greater  than  the  magnitude  (tf  the 
free-energy  difference  between  the  two  states  and  the  transformation  bar¬ 
rier,  —  PfdE  >  ACfE  -  AFE  +  AGJ.  Below  Tq.  where  AGfe  afe<0,  and 
between  T0  and  Th  the  FE  state  can  be  field  assisted  from  the  metastable 
AFE  phase.  Below  Th  where  the  transformation  barrier  is  exceeded,  the 
phase  transformation  occurs  spontaneously. 


formation  temperature  is  shifted,  and  the  low-temperature 
FE  state  becomes  more  stable.  Under  isothermal  condi¬ 
tions  T,  the  FE  state  can  be  induced  from  the  AFE  state 
when 

-  PfdE>  AGf  - AFE  +  AG?,  (4) 

where  A  G^  "  AFE  is  the  free-energy  difference  at  tempera¬ 
ture  7*  (Fig.  2). 

We  now  consider  three  temperature  regions  for  clari¬ 
fication  and  definition  purposes:  (i)  When  T >  TV  and 
agfe-afe 

is  positive,  the  electric  field  forces  the  transfor¬ 
mation,  which  we  refer  to  as  a  field-forced  transformation; 
(ii)  between  T0  and  Tp  where  AGafafe  becomes  negative, 
the  electric  field  assists  the  transformation  (from  the  meta¬ 
stable  AFE  state),  and  we  distinguish  this  by  a  field-as¬ 
sisted  transformation;  and  (iii)  below  Tp,  where  AGfeafe 
is  more  negative  than  AG?,  the  transformation  occurs 
spontaneously,  as  discussed  before. 

We  also  define  the  field  required  to  induce  the  FE  state 
as  Ep,  which  should  be  constant  at  constant  temperature, 
and  should  increase  with  increasing  temperature.  For  field- 
forced  transformations  and  cyclic  fields,  the  field  at  which 
the  material  reverts  back  to  the  AFE  state  EA  should  also 
be  constant  at  constant  temperature,  and  also  increase  with 
increasing  temperature  (  >  Tq).  Both  EF  and  EA  are  ther¬ 
modynamic  parameters  that  should  be  independent  of 
maximum  voltage  oscillation  level  at  constant  temperature 
and  composition  (see  below).  For  example,  EA  can  be  re¬ 
lated  to  the  extent  of  sublattice  coupling,  when  the  poling 
field  is  released  at  a  particular  temperature.  For  field-as¬ 
sisted  transformations  this  is  not  the  case  (i.e.,  constancy 
of  Ea  and  Ep)  since  this  is  a  region  of  metastability  and 
irreversibility.  The  important  issues  of  reversibility  and 
temperature  stability  are  discussed  in  a  later  section  with 
experimental  results. 
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The  stability  of  FE  and  AFE  states  can  be  considered 
from  the  full  Gibbs  function 

dG=  -  SdT  -  eda  -  PdE,  ( 5 ) 

where  5  is  entropy  and  a  stress.  At  equilibrium 
dG ra  =  dGAFE,  and  under  experimental  conditions  of  con¬ 
stant  or  zero  stress  change  (da  =  0),  a  modified  Clausius- 
Clapeyron  approach  gives 

dE  AS  Mi 

— _ _ _ _  (6) 

dT  A P  TAP' 

where  AH  and  AP  are  the  enthalpy  and  polarization 

changes  at  the  AFE-FE  transformation.  From  initial  con¬ 

siderations  of  free-energy  changes  near  the  equilibrium 
condition  T0  (Fig.  2),  and  assuming  AH  independent  of 
temperature  and  AP=  (PF  —  P a)—P f> 

rEo  AH  fT  dT 

J>~7 vJroT-  (7’ 

which  gives 

E0=  -  (AH/PF)\n( T/T0)  +C  (8) 

for  the  applied  field  E0  necessary  to  induce  the  free-energy 
change  (  AG£e'afe)  and  C  is  a  constant.  Now  consider  the 
additional  case  of  a  transformation  barrier  AG*  which  re¬ 
quires  a  critical  field  E*  to  overcome  the  free-energy  dif¬ 
ference  between  TF  and  T0, 

E*=-[-  ( AH/Pr)\n(  Tf/T0)  +  C]  (9) 

and,  therefore, 

Ef=Eq  +  E*,  (10) 

by  comparison  with  Eq.  (4).  This  gives  the  field  EF  re¬ 
quired  to  induce  the  FE  state  from  the  AFE  state  at  a 
temperature  close  to  T0  by  reducing  the  free-energy  differ¬ 
ence  between  the  two  states  (AGfeafe)  and  overcoming 
the  thermodynamic  barrier  AG*  by 

EF=  -  (AH/PF)\n(T/TF) 

a  -  (A H/PfTf) ( T-Tf ).  (11) 

This  field  EF  should  increase  linearly  with  increasing  tem¬ 
perature  difference  T—TF,  and  this  dependence  will  be 
evaluated  in  Sec.  IV  A. 


III.  EXPERIMENTAL  METHOD 

Compositions  close  to  a  morphotropic  phase  boundary 
(MPB)2  were  chosen,  and  prepared  by  a  hybrid  coprecip¬ 
itation  mixed  oxide  method,317  according  to  the  formula 
Pb(I  _0.5*)Nb2[(Zr,  .^Sn,),  _,Ti,]0.98O3.  An  abbreviated 
notation  is  used  in  the  rest  of  the  paper:  PZST  X/Y/Z 
(equivalent  to  100x/100y/100z).  For  example,  43/8/2 
represents  a  typical  composition  to  be  discussed  below. 
This  particular  composition  was  FE  at  room  temperature 
and  transformed  to  the  AFE  state  on  heating.  A  small 
amount  of  Nb2Os  was  added  ( 1  mol  %,  z  —  0.02)  for  di¬ 
electric  strength  purposes.1,18 
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Source  materials  (Alpha,  Inc.)  were  mixed  in  a  high 
shear  blender.  For  100-g  batches  of  PZST  product,  the 
requisite  amounts  of  metallo-organic  precursors,  titanium 
n-butoxide  [Ti(C4H90)4]  and  a  complex  of  zirconium  n- 
butoxide  butanol  [  ( C4H90 ) 4Zr  ( C4H9OH ) J  were  mixed  in 
isopropyl  alcohol  (100  ml)  before  introduction  of  the  fine 
ceramic  powders  (Pb304,  Sn02,  NbjOj).  After  sufficient 
time  for  surface  adsorption  to  occur,  the  mixed  alkoxides 
were  hydrolyzed  by  addition  of  a  mixture  of  de-ionized 
water  in  isopropyl  alcohol  ( 1:4  by  volume).  The  shear  rate 
was  increased  to  maintain  fluid  consistency.  The  final  ho¬ 
mogeneous  mixture  of  coprecipitated  powder  with  mixed 
oxides  formed  a  slurry  that  was  later  dried  in  vacuum  at 
1 50  *C  for  4  h.  After  drying  and  size  reduction  in  a  mortar 
and  pestle,  the  composition  was  reacted  at  860  °C  for  4  h  in 
air.  X-ray  diffraction  (XRD)  confirmed  the  formation  of 
single-phase  PZST.  The  calcined  powder  was  then  size  re¬ 
duced  to  a  submicrometer  consistency  in  a  plastic  ball  mill 
using  zirconia  media  in  isopropyl  alcohol.  After  drying  and 
granulation,  pressed  cylinders,  1  cm  in  diameter  by  2  cm 
thick,  were  formed  in  a  cold-isostatic  press  at  25  000  psi. 
The  preformed  shapes  were  later  hot  pressed  in  an  alu¬ 
mina-lined  die  at  1 100  *C  and  4000  psi  for  2  h  in  air.  Under 
those  conditions,  dense  fine  grain  (0.4  /xm)  ceramics  were 
formed.  Larger  grain  sizes  could  be  obtained  (up  to  6  /xm) 
by  heat  treating  at  higher  temperatures  ( 1200-1360  *C)  in 
an  atmosphere  containing  excess  PbO.  A  double-inverted 
crucible  technique  was  used.  Specimens  were  sliced  from 
the  hot-pressed  form  by  a  diamond  wafering  saw.  For  elec¬ 
tric-field  studies  the  thickness  was  approximately  200  /xm, 
and  the  major  surfaces  were  polished  parallel  with  a  sub¬ 
micrometer  finish  by  diamond  and  alumina  pastes.  Speci¬ 
mens  for  study  were  annealed  at  500  °C  for  0.3  h  in  air 
before  application  of  gold  electrodes  by  sputtering. 

Field-induced  polarizations  and  transverse  strains  were 
determined  on  a  Sawyer-Tower  bridge  with  a  strain  gauge 
bonded  to  the  specimen.  Cyclic  fields  down  to  0.3  Hz  were 
used  to  minimize  internal  heating.  Care  was  taken  for  tem¬ 
perature  compensation  in  the  strain  measurements  by  use 
of  a  dummy  gauge  in  the  test  cell.  Electrical  noise  was 
minimized  by  using  a  dc  heating  system,  with  a  program¬ 
mable  controller.  All  measurements  were  made  on  speci¬ 
mens  that  had  been  thermally  depoled  for  0.3  h  at  30  °C 
above  the  FE-AFE  transformation  temperature  TA  before 
cooling.  Transformation  temperatures  ( TA,  TF)  were  de¬ 
termined  by  differential  scanning  calorimetry  (DSC)  and 
dimensional  changes  by  thermal  mechanical  analysis 
(TMA).  The  heating  and  cooling  rates  were  10°C/min. 

IV.  RESULTS  AND  DISCUSSION 

Figure  3  gives  DSC  characteristics  for  43/8/2,  illus¬ 
trating  a  sequence  of  phase  transformations  as  a  function  of 
temperature,  from  FE  to  AFE  states  and  eventually  PE  on 
heating  [with  a  multicell  cubic  (MCC)  region].  The  onset 
temperatures  for  the  AF  and  FE  transformations  are  indi¬ 
cated  (TA  =  92°C,  Tf=  80  °C)  for  heating  and  cooling 
cycles,  respectively.  The  results  are  in  accordance  with  the 
thermodynamic  barriers  AG*  and  dependent  thermal  hys¬ 
teresis  (AT  =  12  °C)  described  in  Fig.  1.  Enthalpies  of 
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FIG.  3.  Phase  transformations  and  thermal  hysteresis  for  PZST  43/8/2. 

transformation  can  be  obtained  from  integration  of  en- 
dotherms  and  exotherms,  and  TMA  results  (not  shown) 
determined  a  volume  shrinkage  (AP=0.16%)  on  trans¬ 
forming  from  the  FE  to  AFE  states.  That  is,  the  AFE 
structure  had  a  smaller  unit  cell,  and  changes  in  AH  and 
A  V  indicated  the  transformation  to  be  of  the  first  order. 
The  results  are  typical  for  the  composition  studied,  and  the 
AFE-FE  thermal  hysteresis  AT  was  greater  ( ~  10  X )  than 
those  commonly  associated  with  PE-FE  transformations. 

Figure  4  illustrates  the  field-forced  switching  charac¬ 
teristics  for  a  composition  (42/4/2)  which  was  AFE  at 
room  temperature.  The  opening  up  of  the  ferroelectric  loop 
indicates  the  transformation  field  Ef  was  independent  of 
maximum  cyclic  strength,  in  accordance  with  the  proposed 
AG*  model  and  Eq.  (4).  Similarly,  EA  was  independent  of 
E  and  can  be  related  to  the  AFE  sublattice  coupling,  as 
previously  outlined.  The  reversible  and  stable  field-forced 
measurements  were  made  at  approximately  25  °C  above 

TF. 

Figure  5  illustrates  polarization-field  measurements  for 
43/8/2  (Fig.  3)  at  a  temperature  (90 'C)  just  below  TA 


FIG.  4.  Example  of  a  field-forced  transformation  above  T„  illustrating 
forward  and  reverse  field  strengths,  Ef  and  EA,  necessary  for  reversibility, 
which  are  independent  of  E,  consistent  with  the  thermodynamic  model. 
EFca n  be  related  to  the  barrier,  AGfeafe  +  AC*,  and  EA  to  the  sublattice 
AFE  coupling. 


FIG.  3.  Example  of  a  field-assisted  transformation,  illustrating  irrevers¬ 
ibility  between  AFE  and  FE  states.  Initially  ( 1 )  the  AFE  state  is  stable  up 
to  E,,  and  reversible  on  switching.  However,  at  greater  field  strengths  (2), 
the  FE  phase  is  induced  (£;>£')  with  hysteresis  on  switching,  but  does 
not  revert  back  to  the  AFE  state  when  the  field  strength  is  reduced  below 
£,.  Metastability  and  irreversibility  of  the  field-assisted  FE  state  are  illus¬ 
trated  for  (3),  where  the  field  strength  is  reincreased,  and  the  hysteresis 
loop  is  reopened,  for  a  field  strength  £,,  comparable  to  the  value  at  which 
the  AFE  state  was  initially  stable. 

(92  °C)  and  above  TF  (80  °C).  The  field-assisted  transfor¬ 
mation  is  irreversible  between  AFE  and  FE  states.  Ini¬ 
tially,  (1)  the  AFE  state  is  stable  up  to  Ex,  and  reversible 
on  switching;  however,  (2)  the  FE  state  is  induced  when 
E2  >  Ex,  and  does  not  revert  back  to  the  AFE  state  when  E 
is  decreased  (  <EX).  Remnant  polarization  exists  at  zero 
field,  and  (3)  the  FE  state  persists  at  a  field  strength  £,  at 
which  the  AFE  state  was  initially  stable.  Irreversibility  is 
consistent  with  the  proposed  thermodynamic  barrier 
model  AG*  in  the  region  of  undercooling  (  AGfeafe  <  0, 
T>Tf).  In  this  region,  the  sublattice  AFE  coupling  is 
weak  and  the  applied  electric  work  done  (  —  PdE)  forces 
the  transformation  over  the  barrier  into  the  FE  state.  Since 
the  sublattice  coupling  is  weak,  thermal  energy  alone  can¬ 
not  overcome  the  reverse  transformation  (back  to  the  AFE 
state)  and  the  FE  state  persists  at  weak  fields.  Irreversibil¬ 
ity  could  be  a  problem  for  electromechanical  actuator  ap¬ 
plications  (for  certain  compositions  and  temperatures), 
but  could  be  of  use  in  bistable  optical  information  storage 
system  (based  upon  differential  light  scattering). 

Induced  polarizations  and  strains  are  illustrated  in  Fig. 
6  for  43/7/2  at  lower  temperatures.  For  the  field-forced 
transformation  [Fig.  6(a)]  close  to  TA  (72  °C)  the  temper¬ 
ature  is  shifted  T'0  into  the  thermal  hysteresis  region 
(82  °C)  on  application  of  the  electric  field  and  metastabil¬ 
ity  and  irreversibility  are  now  clearly  indicated  for  the  first 
two  poling  cycles  (at  0.3  Hz).  The  transformation  field  EF 
and  permanent  shape  change  (indicated  by  induced  trans¬ 
formation  e)  are  in  accordance  with  the  thermodynamic 
model  for  a  first-order  transformation.  Compared  with  Fig. 
6(b),  for  purely  FE  switching,  at  a  temperature  (26 'C) 
well  below  the  spontaneous  transformation  temperature 
Tp  there  is  now  no  transformation  strain  (since  there  was 
no  spontaneous  volume  change),  and  the  magnitude  of  the 
field-induced  e  was  less  than  the  field-assisted  case  [Fig. 
6(a)]. 
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FIG.  6.  The  first  two  poling  cycles  for  (a)  field-assisted  polarization  and 
strain  from  AFE  to  FE states  (T^TA),  and  (b)  ferroelectric  polarization 
and  strain  ( T<Tr).  Note:  (a)  the  sudden  transformation  strain  was 
greater  than  (b)  the  strain  associated  with  domain  switching. 

The  temperature  dependence  of  transformation  fields 
{EF,  Ea)  is  illustrated  in  Fig.  7,  for  43/7/2,  which  was 
determined  on  cooling  from  the  AFE  to  Fe  states,  and 
through  the  region  of  thermal  hysteresis.  The  results  are 
again  in  accordance  with  the  proposed  thermodynamic 
model  [Eq.  (4)],  in  that  EF  and  EA  increase  linearly  with 
temperature,  with  a  shift  in  EF  as  EA  goes  to  zero  on  cool¬ 
ing  into  the  region  of  metastability.  The  shift  may  be  asso¬ 
ciated  with  A H  heating  on  cycling  through  the  induced 
phase  region.  Note,  for  increasing  undercooling,  the  field 
Ef  required  to  trigger  the  instantaneous  transformation 
(with  remnant  strain)  is  less  than  the  field  required  to 
coerce  ferroelectric  switching  Er 

An  estimate  can  be  made  of  the  temperature  depen¬ 
dence  of  Ef  from  Eq.  (11), 


Temperature  (*C) 

FIG  7.  Temperature  dependence  of  transformation  fields  on  cooling. 
Note  at  temperatures  approaching  T f,  Ef  <  E^  i.e.,  the  field-assisted 
transformation  strength  was  less  than  the  field  required  for  domain 
switching. 


EF/{  T  —TF)  —  —  EH/PfTf,  ( 12) 

and  compared  with  experimental  data  in  Fig.  7.  From  DSC 
(A //  =  —2.3  J/cm3)  and  Sawyer-Tower  data 
(PF=  23.94  ix C/cm2)  for  43/7/2  at  7>=49  *C,  the  esti¬ 
mated  value  (&H/PfTf)  =  0.30  kV/cm  K  is  in  good 
agreement  with  experimental  data  [EF/(  T  —  T F)  =0.15 
kV/cm  K].  This  supports  the  proposed  thermodynamic 
model  for  field-induced  transformations. 

For  field-forced  transformations  to  occur,  the  change 
in  free  energy  must  be  greater  than  the  combined  thermo¬ 
dynamic  barrier  A Gf  and  the  free-energy  difference 
AGfeafe  between  the  two  states  [Eq.  (4)],  for  the  FE 
phase  to  nucleate  and  grow.  The  extent  of  FE  phase  devel¬ 
opment  will  depend  on  the  magnitude  of  the  excess  field 
over  EF.  Figure  8  illustrates  the  magnitude  of  the  induced 
polarizations  and  strain,  for  43/7/2,  at  a  temperature 
(100’C)  greater  than  TA  (72  °C)  for  a  field-forced  trans¬ 
formation.  The  polarizations  and  strains  increase  linearly 
with  field,  in  accordance  with  the  thermodynamic  model, 
and  are  recoverable.  The  reversible  behavior  would  be  im¬ 
portant  for  reproducible  electromechanical  actuator  appli¬ 
cations  where  continuous  displacements  are  necessary  and 
attainable  with  recoverable  transformation  strains. 

A.  Thermal  stability  and  field-induced  properties 

The  proposed  thermodynamic  model  has  classified  the 
field-induced  FE  behavior  in  terms  of  two  distinct  thermal 
regions:  (i)  above  T0,  where  AGFEAFE>  0,  for  field-forced 
transformations;  and  (ii)  below  To,  and  between  T0  and 
Tp  where  AGfeafe  <  AG*,  for  field-assisted  transforma¬ 
tions.  The  former  are  reversible  for  temperatures  above  T A, 
and  irreversible  for  temperatures  between  T0  and  TA  (un¬ 
less  T'f  is  shifted  above  TA).  The  latter  are  irreversible  with 
temperature  for  field-assisted  transformations.  Consider 
the  former  case  (i)  where  the  electric  work  done 
(  —  PdE),  must  be  greater  than  the  nucleation  barrier 
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FIG.  8.  Field-forced  (a)  polarizations  and  (b)  strains  as  a  function  of 
field  strength  above  TA.  An  increasing  dependence  of  induced  polarization 
and  strain  with  field  above  Er  relates  to  the  extent  of  the  induced  ferro¬ 
electric  phase. 

(AGf  +  A(7fe  afe)  for  the  induction  of  the  FE  state.  Ex¬ 
cess  field  ( E—Ef )  will  aid  in  the  growth  of  the  FE  phase 
and  the  development  of  field-forced  properties.  Eventually, 
at  high  field  strengths,  domain  switching  will  occur,  but 
this  contribution  to  the  overall  properties  will  be  less  than 
the  field-forced  transformation  behavior. 

Consider  now  case  (ii)  for  a  field-assisted  transforma¬ 
tion.  Figure  9  is  for  43/7/2  in  the  thermal  hysteresis  region 
(50  °C)  close  to  Tr  (49  °C)  where  the  AFE  sublattice  cou¬ 
pling  is  weak.  As  described  previously,  this  is  a  region  of 


FIG.  9.  Field-assisted  (a)  polarizations  and  (b)  strains  as  a  function  of 
increasing  field  strength  above  Tf.  By  comparison  with  Fig.  8  (i.e.,  above 
Ta)  the  polarization  and  strain  saturate  for  ferroelectric  switching. 
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FIG.  10.  Temperature  dependence  of  field-induced  transverse  strain  at 
constant  field  strength,  illustrating  reversible  ( >  Vr)  and  irreversible  re¬ 
gions  for  strain  recovery.  The  maximum  strain  induced  was  in  the  ther¬ 
mal  hysteresis  region  (TA>T>Tf)  close  to  TA. 

metastability  and  irreversibility,  and  once  the  transforma¬ 
tion  barrier  AGJ  is  exceeded,  energy  is  released  and  com¬ 
pensates  for  the  strain  energy  associated  with  the  sponta¬ 
neous  displacive  transformation.  Consequently,  there 
should  be  a  weak  dependence  of  polarization  and  strain  on 
electric  field  in  the  FE  state  for  the  field-assisted  case.  This 
is  clearly  indicated  in  Fig.  9  where  the  9(a)  polarization 
and  9(b)  strain  saturate  with  increasing  field.  For  the  for¬ 
ward  bias  case,  the  field-induced  transformation  strain 
reaches  a  constant  value  of  approximately  6.4  x  10“ 5  and 
is  independent  of  field  strength  above  EF  (where  £,  =  5.72 
kV/cm,  Ei  =  12.61  kV/cm,  £3=  16.01  kV/cm,  EA 
=  18.16  kV/cm).  In  the  ferroelectric  state  an  additional 
strain  is  induced  on  field  reversal.  The  strain  associated 
with  domain  reorientation  reaches  a  maximum  value 
which  is  dependent  upon  the  previous  poling  strength.  For 
example,  the  total  remanent  strain  at  E  =  0  is  10.3  X 10  ~ 5 
for  the  Ea  condition,  compared  with  8.0  X 10  ~ 5  for  E\  [as 
indicated  in  Fig.  9(b)].  On  complete  reversal  (  —  E4)  the 
strain  decreases  and  saturates  at  the  constant  value  of 
6.4  X 10“ 3.  Therefore,  the  total  strain  at  any  field  strength 
is  comprised  of  a  constant  field-induced  transformation 
strain  (6.4 X  10 ~ 5)  and  a  field-dependent  domain  reorien¬ 
tation  strain  (up  to  3.9X  10" 5).  Similar  behavior  has  been 
reported  for  magnetic-field-induced  martensitic  transfor¬ 
mations  in  ferrous  alloys.1 9-20  In  the  present  case,  and  ther¬ 
mal  regions,  the  properties  (P,  e)  associated  with  field- 
assisted  transformations  are  nearly  independent  of  E  above 
Ef,  unlike  the  former  case  of  field-forced  transformations, 
where  P  and  €  were  clearly  dependent  on  E  above  Ep 
Figure  9  also  indicates  that  Ep  the  field  required  to  assist 
the  transformation  and  displacements,  is  less  than  E0  the 
field  required  to  switch  the  ferroelectric  domains  in  the 
thermal  hysteresis  region.  This  was  mentioned  previously 
with  respect  to  the  data  in  Fig.  7  and  the  discussion  on 
irreversibility. 

The  question  of  reversible  and  irreversible  field-in¬ 
duced  transformations  is  summarized  in  Fig.  10  for  43/7/2 
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as  a  function  of  temperature.  The  field-induced  strain  is 
reported  for  a  constant  field  level  of  19.86  kV/cm.  At  high 
temperatures  (T>  TA),  outside  the  region  of  thermal  hys¬ 
teresis,  the  field-forced  strain  is  reversible,  in  that  it  is  re¬ 
coverable  and  cyclable  between  E  and  EF.  The  strain  would 
be  greater  at  higher  field  strengths  (Fig.  8).  Inside  the 
region  of  thermal  hysteresis  (TA—TF)  the  field-assisted 
strain  is  irreversible,  in  that  it  is  not  recoverable  or  recy¬ 
clable  on  reduction  of  E,  unless  T'Q  becomes  >  TA.  The 
magnitude  of  the  field-induced  strain  is  greatest  in  the  re¬ 
gion  of  thermal  hysteresis,  close  to  TA,  but  irrecoverable. 
For  certain  electromechanical  actuator  applications,  where 
recyclable  positioning  is  important,  compositions  and  op¬ 
erating  conditions  within  the  AFE  region  are  necessary  for 
recoverable  strain,  even  though  the  magnitude  of  the  field- 
forced  strain,  at  a  comparable  field  level,  would  be  less  than 
the  field-assisted  strain.  That  is,  the  thermal  stability  of  the 
AFE  region  becomes  important  when  considering  repro¬ 
ducible  actuator  applications. 

V.  CONCLUSIONS 

A  thermodynamic  model  was  proposed  to  explain 
AFE-FE  phase  transformations  in  PZST.  A  martensitic- 
type  approach  was  used,  in  that  thermodynamic  barriers 
were  invoked  for  forward  A <7}  and  reverse  A Gf  transfor¬ 
mations.  The  model  was  shown  to  be  in  good  agreement 
with  thermal  hysteresis  and  first-order  transformation  be¬ 
havior.  The  model  also  explained  field-induced  properties, 
which  were  reversible  or  irreversible,  depending  upon  ther¬ 
mal  stability.  The  fields  required  to  induce  the  FE  state  Ep 
and  revert  back  to  the  AFE  state  EA  were  shown  to  be 
related  to  the  thermodynamic  barrier  AGp ,  and  to  the  AFE 
sublattice  coupling,  respectively.  Both  variables  (EA,  Ep) 
were  thermodynamic  quantities,  in  that  they  were  constant 
at  constant  temperature  and  independent  of  maximum 
voltage  oscillation  level.  An  indicator  of  phase  stability  was 
the  field-induced  FE  hysteresis  loop  with  values  of  Ep  and 
Ea  which  increased  with  increasing  temperature.  The  tem¬ 
perature  dependence  of  transformation  field  strength  was 
in  accordance  with  the  proposed  model,  and  in  good  agree¬ 
ment  with  experimental  results  and  calculations  made  by  a 
modified  Clausius-Clapeyron  approach.  The  model  was 
both  qualitatively  and  quantitatively  in  agreement  with  the 
experimental  results.  A  distinction  was  made  between 
field-forced  transformations  (above  T0)  and  field-assisted 
transformations  (between  T0  and  TF).  The  former  were 


shown  to  be  stable  above  Ta,  with  reversible  polarizations 
and  strains,  and  the  latter  were  metastable,  with  irrevers¬ 
ible  polarizations  and  strains.  The  magnitude  of  the  field- 
forced  strain  increased  with  increasing  field  level,  in  accor¬ 
dance  with  the  proposed  model,  but  was  less  than  the  field- 
assisted  strain  at  an  equivalent  field  strength.  However,  at 
temperatures  above  TA,  the  field-forced  strain  was  recov¬ 
erable  (unlike  the  field-induced  strain  in  the  region  of  ther¬ 
mal  hysteresis)  and  suitable  for  electromechanical  posi¬ 
tioning.  The  thermal  stability  of  the  AFE  region  is  an 
important  criterion  when  considering  reproducible  actua¬ 
tor  applications,  and  the  proposed  thermodynamic  model 
should  aid  in  the  design  of  future  compositions  and  work¬ 
ing  conditions  (T,  E).  Issues  relating  to  kinetic  factors  and 
microstructural  effects  are  treatable  by  this  model  and  will 
be  reported  in  due  course. 
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ABSTRACT 

Phase  transformations  and  microstructures  in  tin-modified  lead  zirconate 
titanate  (PZST)  ceramics  were  studied.  Emphasis  was  placed  on  the  effect  of  ^ 

grain  size  on  ferroelectric(FE)  -antiferroelectric(AFE)  phase  transformations  W 

which  could  be  induced  by  changes  in  temperature  or  electric-field  strength. 

Differential  scanning  calorimetry  (DSC)  and  thermal  mechanical  analyses  (TMA) 
were  used  to  determine  the  transformation  temperatures,  and  Sawyer-Tower 
measurements  were  used  to  determine  the  field  strengths  necessary  to  induce  the 
FE  phase  from  the  AFE  phase.  The  transformation  temperatures  were  found  to 

decrease  with  decreasing  grain  size,  and  the  field  strengths  increase  somewhat  q 

with  decreasing  grain  size.  The  results  are  discussed  in  terms  of  a  strain  energy 
model  for  a  first-order  transformation  in  a  confined  fine-grain  ceramic 
microstructure. 

INTRODUCTION 

It  is  well  known  that  structural  changes  at  FE-AFE  phase  transformations  # 

(e.g.,  rhombohedral-tetragonal)  lead  to  sudden  changes  in  charge1,  heat2  and  high 
nonlinearities  in  field-induced  polarizations3-4.  These  property  changes  can  be 
used  for  voltage  generation5,  energy  storage6,  and  conversion7-*.  Future 
applications  may  include  optical  information  storage9-10  and  ceramic 
actuators11-12.  In  this  paper  we  report  on  the  effect  of  microstructure  on  phase 
transformation  behavior,  especially  transformation  temperatures  (T)  and  field- 

strengths  (E).  The  results  indicate  the  importance  of  ceramic  processing  • 

conditions  on  the  development  of  ceramic  microstructures  for  reproducible  and 
reliable  properties  in  PZST  dielectrics. 

EXPERIMENTAL  METHOD 


PZST  compositions  close  to  a  morphotropic  phase  boundary  (MPB)13 
were  prepared  by  a  hybrid  coprecipitation  mixed  oxide  method14  according  to  the 
formula  Pb(i-o.5z)Nbi[(Zri.x,Snx)l-yTiy3o.9803,  abbreviated  by  PZST  X/Y/Z 


To  the  uttnt  authorized  under  the  laws  of  the  United  State  of  Ameria,  iH  copyright  interests  in  this  publication  ire  the  property 
of  The  American  Ceramic  Sodety.  Any  duplication,  reproduction,  or  republiabon  of  this  publication  or  any  put  thereof,  without 
the  express  written  consent  of  The  American  Ceramic  Society  or  fee  paid  to  the  Copyright  Clearance  Center,  is  prohibited. 
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(equivalent  to  lOOx/lOOy/lOOz)  in  the  rest  of  the  paper.  A  small  amount  of 
Nb2C>3  was  added  for  dielectric  strength  purposes15-1®. 

The  source  materials  were  mixed  in  a  high-shear  blender.  The  requisite 
amounts  of  metallo-organic  liquid  precursors,  titanium  n-butoxide  [Ti(C4HgOU] 
and  a  complex  of  zirconium  n-butoxide  butanol  [(C^HcjO^ZrfGtHjOH)]  were 
mixed  in  isopropyl  alcohol  (100  ml)  before  introduction  of  fine  ceramic  powders 
(Pb304,  Sn02,  NIJ2O3).  After  sufficient  time  for  surface  adsorption  to  occur,  the 
mixed  alkoxides  were  hydrolyzed  by  addition  of  a  mixture  of  deionized  water  in 
isopropyl  alcohol  (1:4  by  volume).  The  shear  rate  was  increased  to  maintain  fluid 
consistency.  The  final  suspension  of  coprecipitated  powder  with  mixed  oxides 
was  concentrated  on  a  hot  plate  at  8Q°C  before  drying  in  vacuum  at  150°C  for  4 
hours.  The  powder  was  size  reduced  in  a  mortar  and  pestle,  sieved  through  a 
nylon  mesh  and  calcined  at  860  °C  for  4  hours  in  air.  X-ray  diffraction  confirmed 
the  formation  of  single  phase  PZST.  The  calcined  powder  was  then  reduced  to  a 
submicron  consistency  in  a  plastic  ball  mill  with  zirconia  media  in  isopropyl 
alcohol.  After  drying  and  granulation,  cylinders,  1  cm  in  diameter  by  2  cm  thick, 
were  cold-isostatically  pressed  at  25,000  psi.  A  flow  diagram  is  given  in  Figure  1. 
The  preformed  shapes  were  later  hot  pressed  in  an  alumina-lined  die  at  1 100  °C 
and  4000  psi  for  2  hours  in  air.  Under  those  conditions,  dense  ceramics  were 
formed  with  fine-grain  microstructures  (0.4  pm).  Larger  grain  sizes  (up  to  6  pm) 
were  obtained  by  heat  treatment  at  higher  temperatures  (1200-1360  °C)  in  an 
atmosphere  containing  excess  PbO.  A  double-inverted  crucible  method17  was 
used. 

Specimens  for  DSC  were  sliced  and  ground  to  200  pm  and  prepared  0.45 
mm  in  diameter  for  maximum  contact  area  with  the  test  cell.  The  thin  geometry 
minimized  thermal  resistance  problems  and  enhanced  the  response  of  enthalpy 
changes.  Transformation  temperatures  are  defined  at  the  onset  of  the  endotherm 
or  exotherm,  on  heating  or  cooling,  respectively  (Figure  2).  Dimensional  changes 
were  characterized  by  thermal  mechanical  analysis  (TMA).  The  heating  and 
cooling  rate  for  DSC  and  TMA  was  10  °C/min.  A  Sawyer-Tower  method  was 
used  to  determine  the  transformation  field  strength  (Ep)  required  to  induce  the  FE 
phase  from  the  AFE  at  constant  temperature.  Cyclic  fields  down  to  0.3  Hz  were 
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Figure  1  Preparation  of  PZST  powder. 
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used  to  minimize  internal  heating.  Ea  was  the  field  below  which  the  FE  would 
revert  back  to  the  AFE  at  temperatures  above  Ta- 

RESULTS  AND  DISCUSSION 

(1)  Transformation  Characteristics 

Figure  2  gives  DSC  characteristics  for  PZST  43/8/2.  The  sequence  of 
phase  transformations  is  FE,  AFE,  multicell  cubic  (MCC)  and  finally,  simple 
cubic  paraelectric  (PE)  on  heating.  Hie  onset  temperatures  for  the  AFE  and  FE 
transformations,  on  heating  and  cooling,  are  Ta  and  Tf  respectively.  Note,  the 
region  of  thermal  hysteresis  (Ta-Tf).  Enthalpies  for  transformation  were 
obtained  by  integration  of  the  endotherms  and  exotherms.  Figure  3  gives  TMA 
characteristics  which  indicate  similar  hysteretic  behavior.  The  slope  of  these 
curves  is  the  thermal  expansion  coefficient,  and  the  results  are  similar  to  those 
reported  by  Berlincourt  et  al.4  who  showed  that  both  the  MCC  and  AFE  phases 
had  higher  thermal  expansion  coefficients  than  the  FE  phase.  An  abrupt  linear 
shrinkage  of  0.053%  was  observed  at  the  FE-AFE  transformation.  This  indicates 
the  AFE  phase  had  a  smaller  unit  cell  than  the  FE  phase.  Therefore,  the  AFE-FE 


Figure  2  Phase  transformation 
and  thermal  hysteresis  for  PZST 
43/8/2. 


Figure  3  Thermal  strain  and 
hysteresis  for  PZST  43/8/2. 
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Figure  4  SEM  photomicrograph  of 
hot-pressed  PZST  43/8/2  after  heat 
treatment  at  1 150°C  for  10  hours. 


transformation  shows  discontinuities  in  enthalpy  and  volume  and  is  of  the  first- 
order.  These  observations  are  typical  bf  other  compositions  evaluated.  However, 
the  thermal  hysteresis  (~10°C)  associated  with  the  FE-AFE  transformation  is 
much  greater  than  the  hysteresis  normally  associated  with  FE-PE  transformations 
(~1°Q.  The  large  thermal  hysteresis  associated  with  PZST  provides  a  unique 
opportunity  to  study  the  effect  of  shape  memory  and  superelasticity  in  ferroic 
ceramics.  Details  are  reported  elsewhere18. 

(2)  Phase  Transformation  and  Microstructure 

The  hot-pressed  ceramics  were  dense  and  translucent.  A  typical 
microstructure  is  given  in  Figure  4  for  PZST  43/8/2.  DSC  and  dielectric 
measurements  determined  a  decrease  in  transformation  temperature  (Tf  and  Ta) 
with  decreasing  grain  size  (Figure  5).  This  behavior  was  typical  of  all 
compositions  studied  in  the  PZST  system.  Somewhat  similar  behavior  has  been 
reported  for  BaTiC^19  and  Zr0220  ceramics.  Although  a  surface  area  and  energy 
contribution  has  been  proposed  for  the  transformation  barrier  in  fine  grain 
BaTi0319,  it  is  believed  that  in  the  present  case,  a  confined  elastic  strain  energy  is 
responsible  for  the  observed  features20- 21 .  This  would  be  especially  so  for  a  large 
discontinuity  in  ferroelastic  strain  at  the  transformation  temperature.  Thermal 
hysteresis  and  a  constrained  transformation  -  from  a  smaller  unit  cell  AFE  phase 
to  a  larger  volume  FE  phase  -  would  reduce  the  transformation  temperature. 

The  effect  of  microstructure  on  internal  stress  can  be  considered  from  a 
thermodynamic  point  of  view  similar  to  arguments  for  electric  field-forced  AFE- 
FE  transformations.  Previous  analysis22  has  shown  that  the  transformation  field 
Ep  represents  the  minimum  electric  work  done  (-PdE)  necessary  to  induced  the 
transformation,  i.e., 


-Pf<IE  £  AGo^-A^  +  AGf* 


(1) 


where  Pf  is  the  field  induced  polarization,  AG0re'AFE  is  the  free  energy 
difference  between  the  two  phases,  and  AGf*  is  the  thermodynamic  barrier  for 
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FiguicS  Grain-size  dependence  of 
transformation  temperatures  for 
PZST  43/7/2.  Temperatures  (Ta, 
Tf)  decrease  with  decreasing  grain 
size.  For  grain  sizes  less  than  1  jxm 
the  transformation  became  more 
diffuse. 


0  12  3  4 

Grain  size,  fim 


Figure  6  Grain-size  dependence  of 
transformation  fields  for  PZST 
42/4/2  at  room  temperature.  Field 
strength  (Ef,  Ea)  increase  with 
“o  2  4  6  8  decreasing  grain  size. 

Grain  size,  nm 

the  first-order  transformation.  An  increase  in  stored  elastic  strain  energy  in  fine- 
grain  ceramics  would  increase  the  total  transformation  barrier  (AGf*).  therefore, 
an  increase  in  transformation  field  (Ef)  would  be  expected.  Figure  6  gives  the 
effect  of  grain  size  on  transformation  fields  (Ep  and  Ea)  for  PZST  42/4/2.  The 
forward  (Ef)  and  reverse  field  strength  (Ea)  are  related  to  AGf*,  and  to  the  AFE 
sublattice  coupling,  respectively22.  An  increase  in  internal  stress  favors  the 
smaller  volume  AFE  phase,  therefore,  AGf*  and  the  sublattice  coupling,  increase 
accordingly.  As  a  result,  transformation  fields  (Ef  and  Ea)  increase  with 
decreasing  grain  size.  Details  of  the  thermodynamic  treatment  for  confined 
microstructures  will  be  published  elsewhere23. 

Figure  7  gives  X-ray  diffraction  data  for  PZST  43/7/2  heat-treated  to 
different  grain  sizes.  The  samples  were  carefully  polished  (to  0.3  Jim)  to  avoid 
any  surface  damage.  Different  stress  levels  in  different  microstructures  are 
indicated  by  the  progressive  merging  of  the  split  (444)r  and  (400)r  peaks  for  FE 
rhombohedral  PZST  at  room  temperature.  Specimen  A  (3.62p.m)  had  a  well 
defined  pattern  but  as  grain  size  decreased  (and  internal  stress  increased  from  B  to 
D),  the  peaks  eventually  merged  into  a  pseudocubic  structure.  The  intensity  of  the 
(444)r  peak  decreased  with  decreasing  grain  size,  which  suggests  the  increase  in 
internal  stress  in  fine-grain  ceramic  microstructures  tended  to  retard  the  FE-AFE 
transformation.  Therefore,  microstructure  control  is  necessary  for  reliable  and 
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Figure  7  X-ray  diffraction  data  for  PZST 
43/7/2  as  a  function  of  grain  size.  The 
structure  becomes  less  rhombohedral  and 
more  pseudocubic  as  the  grain  size  decreases. 


80  81  82 
26 (degree) 

reproducible  properties  in  PZST  dielectrics,  and  could  be  important  in  future 
electromechanical  actuator  systems. 

CONCLUSIONS 

Phase  transformations  in  the  PZST  system  were  studied.  The  FE-AFE 
transformation  was  shown  to  be  first  order  with  significant  ferroelastic  strain.  The 
AFE  state  had  a  smaller  unit  cell  than  the  FE  state,  and  on  cooling  into  the  FE 
state,  the  transformation  strain  could  be  clamped  by  the  fine-grain  ceramic 
microstructure.  Experimental  data  indicate  the  transformation  temperature 
decreased  with  decreasing  grain  size  (6-0.5  itm)  and  the  transformation  field 
strength  increased  with  decreasing  grain  size.  The  results  are  in  accordance  with  a 
proposed  thermodynamic  model  in  which  the  stored  elastic  strain  energy 
(resulting  fir  m  the  confined  transformation)  would  favor  the  stability  of  the  AFE 
state  (i.e.,  a  decrease  in  Ta  and  an  increase  in  Ep  with  decreasing  grain  size). 
Therefore,  microstructure  control  is  important  for  FE-AFE  transformations  which 
exhibit  significant  thermal  hysteresis. 
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1  Abstract 


The  electronic  structure  of  Barium  Titanate  is  determined  according  to  the  extended  Huckel 
tight  binding  method  (XHTB)  using  atomic  data  based  on  a  self-consistent  field  calculation. 
The  effects  of  the  phase  transition  on  the  partial  density  of  states  are  studied.  The  electronic 
contribution  to  the  phase  stability  of  the  compound  is  calculated  from  the  total  density  of 
states.  The  tetragonal  phase  is  found  to  be  stable  as  compared  to  the  cubic  phase.  The 
density  of  states  is  compared  with  available  x-ray  photoemission  spectra  and  is  found  to  be 
in  good  agreement  with  the  experiments. 
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2  Introduction 


The  electronic  structure  of  perovskites  containing  titanium  has  been  the  subject  of  a  number 
of  theoretical  [1]  -  [5]  and  experimental  [6]  -  [9]  studies  focussing  primarily  on  BaTi03  and 
SrTi03.  Matthiess  [2]  calculated  the  electronic  structure  of  perovskite-type  crystals  using 
a  linear  combination  of  atomic  orbitals-augmented  plane  wave  method  but  did  not  include 
the  contribution  of  the  barium  states.  Michel-Calendini  and  Mesnard  [3]  have  calculated  the 
structure  of  both  cubic  and  tetragonal  barium  titanate  using  a  modified  linear  combination 
of  atomic  orbitals  with  non-orthogonal  orbitals.  However,  the  contribution  of  the  barium 
states  has  not  been  included.  The  focus  of  this  report  is  to  evaluate  the  contribution  of  the 
electronic  structure  to  the  phase  stability  of  BaTi03. 

In  an  attempt  to  examine  the  phase  stability  of  Barium  Titanate,  we  have  performed  a 
series  of  calculations  using  the  extended  Huckel  tight-binding  method  [10]  to  calculate  the 
total  density  of  states,  the  partial  density  of  states  and  the  electronic  total  energy  for  the 
cubic  and  tetragonal  phases  of  BaTi03.  The  XHTB  method  has  been  applied  previously  to 
ionic  perovskite-type  compounds  such  as  KMF3  (with  M  =  Mn,  Fe,  Co,  Ni,  Cu,  and  Znl[ll] 
and  a  K^PdClg  crystal[ll].  The  band  structure  calculations  show  good  agreement  with 
experimental  data  relating  to  both  the  valence  band  as  well  as  the  conduction  band.  The 
XHTB  method  has  also  been  applied  to  determining  the  phase  stability  of  the  interi  ailic 
compound  Al3Nb  as  a  function  of  nickel  additions[12].  The  electronic  structure  and  total 
energies  were  calculated  for  both  DO22  and  Ll2  structures  of  Ni-doped  Al3  and  were  found 
to  be  in  good  agreement  with  x-ray  diffraction  experiments.  This  paper  presents  calculations 
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for  BaTiOa  based  on  the  XHTB  method.  The  results  of  the  calculations  are  compared  with 
relevant  experimental  data. 

3  Theory 

In  this  section  we  briefly  describe  the  extended  Huckel  tight-binding  method  and  the  cal¬ 
culation  procedure.  Details  of  the  theory  and  calculation  for  perovskite-type  compunds  are 
found  in  the  paper  by  Kitamura  and  Muramatsu[13].  We  solve  the  following  Schroedinger 
equation: 

(1)  £  *k(  r)  =  £k#k 

where  H  is  a  one-electron  Hamiltonian  consisting  of  the  kinetic  energy  term  and  a  crystal 
potential,  with  the  periodicity  of  the  lattice.  The  one-electron  wave  function  is  specified 
by  the  wave  vector,  k,  restricted  to  the  first  Brillouin  zone  (BZ).  According  to  the  Bloch 
theorem  in  the  tight-binding  method  the  wave  function  is  written: 

(2)  ■Mr)  =  5><r>(k)xl!‘)(k,r) 

n,L 


(3)  Xl  ] '(k,r)  =  X>xp(i'k  •  rJ-rffV  -  r ^/N^7 
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where  the  summation  over  fi  is  taken  for  the  five  independent  Ba,  Ti,  0(1),  0(2)  and  0(3) 
ions;  denotes  their  positions  throughout  the  crystal.  The  atomic  orbital  <^M)(r  —  rM) 
is  denoted  by  the  collective  index  L  =  (l,m)  for  the  p  ion  located  at  rM.  The  quantum 
number  1  denotes  both  the  principle  quantum  number  in  addition  to  the  usual  orbital-angular 
momentum  quantum  number  and  m  denotes  the  degenerate  components  in  a  real  base. 
is  the  number  of  the  fi  ion,  being  equal  to  N/5,  where  N  is  the  total  number  ions  forming  the 
compound.  The  expansion  coefficient  u^(k)  and  the  energy  as  a  function  of  wavevector, 
k,  are  obtained  by  solving  the  secular  equation  given  in  equations  (3a),  (3b)  and  (3c)  of 
reference[13].  In  evaluation  of  the  matrix  elements  of  H  given  in  equation  (3b)  in  reference 
[11]  the  Wolfsberg- Helmholtz  approximation  [14]  is  used, 

(4)  ($\r)\H\tV(r  -  iv))  =  (G/2)(e<“>  +  )(4'’(r)l*y(r  -  r„)) 

where  G  is  an  adjustable  parameter  taken  to  be  1.75  and  is  the  atomic  energy  of  the  L 
state  of  the  fi  ion.  The  overlap  integral 

(5)  {<f>i  l(r)]^)(r  -  r„)) 

can  be  transformed  into  basic  overlap  integrals  by  the  use  of  direction  cosines  (a,  /?,  7)  of 
r„,  as  shown  in  the  table  of  Slater  and  Koster[l5].  The  primary  objective  of  this  paper  is 
to  calculate  the  total  density  of  states  and  compare  electronic  total  energies  for  the  cubic 
and  tetragonal  phases.  The  electronic  total  energy  Etotai  is  given  by  JE}  g(E)EdE  using  the 


total  density  of  states  D(E)  where  E/  is  the  Fermi  energy  of  the  compound. 

In  the  calculation  procedure  input  data  are  atomic  data  of  Herman  and  Skillman[16], 
lattice  constants,  and  the  value  of  the  adjustable  parameter  G.  The  atomic  positions  of  the 
ions  in  the  tetragonal  phase  were  taken  from  neutron  powder  diffraction  refinement  data. 
Using  a  self-consistent-field  calculation  based  on  the  prescription  of  Herman  and  Skillman 
and  with  the  use  of  Schwarz’s  exchange-correlation  parameters[17],  we  obtain  atomic  orbitals. 
In  the  band  structure  calculation  the  atomic  orbitals  used  are  5p  and  6s  for  Ba+2,3p,  3d  and 
4s  for  Ti+4  and  2s  and  2p  for  oxygen  (-2). 

4  Results  and  Discussion 

The  band  structure  Total  Density  of  States  for  barium  titanate  shown  in  Figures  1  and  2 
for  the  cubic  and  tetragonal  phases  respectively,  shows  the  characteristic  features  of  titanate 
perovskites.  The  total  calculated  occupied  band  consists  of  widly  spaced  subbands  that  result 
from  (in  order  of  increasing  energy)  Ti  3p,  0  2s,  Ba  5p  and  0  2p  states.  The  contribution  to 
the  unoccupied  band  consists  primarily  of  Ti  3d,  Ti  4s  and  Ba  6s  states.  The  density  of  states 
show  a  band  gap  of  3.0  eV  in  good  agreement  with  measured  values  of  3.2  to  3.4  eV.  From 
the  electronic  total  energies  calculated  for  the  cubic  and  tetragonal  phases  it  is  shown  that 
the  tetragonal  phase  is  stable  as  compared  with  the  cubic  phase  and  the  energy  difference 
is  0.58  eV/unit  cell.  The  primary  change  between  the  cubic  and  tetragonal  phases  can  be 
seen  at  the  highest  energy  of  the  occupied  states.  This  change  results  from  a  change  in  the 
2p  partial  density  of  states  of  the  axial  oxygen  atom  as  shown  in  Figure  2:  this  corresponds 
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to  a  change  in  the  oxygen  2p  state  along  the  tetragonal  c-axis. 

The  density  of  states  have  been  compared  to  the  relevant  experimental  data.  Figure 
3  is  an  enlarged  view  of  the  valence  band  region  of  cubic  BaTiC>3.  Four  distinct  features 
can  be  observed  in  the  XPS  spectra  [5]  that  agree  with  the  calculated  result:  two  high 
energy  peaks  and  two  shoulders  on  the  low  energy  side  of  the  valence  band.  The  calculated 
results  agree  in  the  relative  peak  heights  as  well  as  the  widths.  Figure  4  shows  the  wide 
range  of  XPS  spectra(5]  for  cubic  BaTi03  superimposed  on  the  total  density  of  states.  The 
XPS  spectrum  mainly  consists  of  five  structures,  and  from  the  comparison  of  this  spectrum 
with  the  calculated  one,  we  can  assign  that  in  order  of  increasing  energy.  These  structures 
correspond  to  Ti  3p,  Ba  5s,  0  2s,  B  5p  and  02p  states.  There  is  agreement  with  the 
valence  band  (composed  primarily  of  the  oxygen  2p  states),  ihe  oxygen  2s  states  and  the 
Ti  3p  states.  The  Ba  5s  states  are  not  shown  since  they  were  not  used  in  the  calculation 
procedure.  The  inclusion  of  these  states  would,  due  to  coulomb  repulsion,  raise  the  energy 
of  the  Ba  5p  states.  X-ray  emission  spectra  can  be  related  to  the  partial  density  of  states 
of  the  corresponding  emitting  ion.  Oxygen  K  x-ray  emission  is  proportional  to  the  oxygen 
2p  partial  density  of  states:  experimental  data  [9]  is  superimposed  in  Figure  5.  There  is 
good  agreement  with  the  calculated  structure.  In  Figure  6,  the  emission  spectra  for  Ba  Ny 
x-ray  emission  [9]  with  the  Ba  5p  partial  density  of  states  is  shown.  The  three  features  are 
apparent;  however  the  observed  shift  of  the  central  peak  is  again  due  to  the  omission  in 
the  calculation  of  the  Ba  5s  states  as  already  mentioned.  In  Figure  11,  x-ray  absorption 
spectra  of  Ti  [8]  is  superimposed  on  the  Ti  3d  partial  density  of  states.  The  titanium  L2,3 
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absorption  spectra  results  from  transitions  from  the  Ti  2p  states  to  unoccupied  levels  derived 
primarity  from  the  Ti  3d  states.  In  the  low  energy  region  there  is  good  agreement  between 
the  experiment  al  and  calculated  results:  for  the  high  energy  region  there  is  some  discrepancy. 
In  the  calculation,  atomic  states  are  not  expected  to  be  good  approximations  to  conduction 
band  states  due  to  their  large  interaction  and  spatial  extent.  In  the  x-ray  absorption  process, 
multiple  scattering  theory  leads  to  a  result  much  better  that  the  result  obtained  from  the 
band  structure  calculations  based  on  the  XHTB  method. 


5  Conclusions 


Band  structure  calculations  for  both  the  cubic  and  tetragonal  structures  of  barium  titanate 
have  been  performed  based  on  an  extended  Huckel  tight-binding  method  and  the  total  den¬ 
sity  of  states,  partial  density  of  states,  and  electronic  total  energies  have  been  calculated. 
The  tetragonal  structure  is  shown  to  be  stable  as  compared  with  the  cubic  phase  based  on 
electronic  total  energy.  The  agreement  between  theory  and  experimental  results  is  excellent. 
The  inclusion  of  further  atomic  states  (Ba  5s  orbital)  would  improve  the  small  discrepancies 
observed  with  respect  to  the  barium  sites. 
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List  of  Figure  Captions 


Figure  1.  Total  density  of  states  per  unit  cell  versus  energy  (eV)  measured  relative  to 
vacuum  level  for  cubic  and  tetragonal  BaTi03.  Shaded  regions  indicate  occupied  states. 
Energy  difference,  E*ota/(tetra)  -  Etotai (cubic),  of  the  electronic  total  energies  Etoto/  between 
tetragonal  and  cubic  phases  is  0.58  eV /unit  cell. 


Figure  2.  Partial  density  of  states  per  unit  cell  versus  energy  (eV)  of  the  axial  oxygen  2p 
states  measured  relative  to  vacuum  level  for  the  cubic  (a)  and  tetragonal  (b)  phases.  Shaded 
regions  indicate  occupied  states. 


Figure  3.  Enlarged  view  of  the  valence  band  of  the  cubic  phase  for  G  =  1.75.  Superimposed 
is  the  XPS  valence  band  spectrum.  (Pertosa  et.  al.,  1978). 


Figure  4.  Total  density  of  states  per  unit  cell  versus  energy  (eV)  measured  relative  to  vacuum 
level  for  the  cubic  phase.  Superimposed  is  XPS  spectrum.  (Pertosa  et.  al.,  1978). 


Figure  5.  Partial  density  of  states  of  oxygen  2p  states  for  the  cubic  phase.  Superimposed  is 
oxygen  K  x-ray  emission  spectrum.  (Nemoshkalenko  et.  al.,  1985). 


Figure  6.  Partial  density  of  state-:-  of  barium  5p  states  for  the  cubic  phase.  Superimposed  is 
Ba  Ny  x-ray  emission  spectrum.  (Nemoshkalenko  et.  al.,  1985). 


Figure  7.  Partial  density  of  states  of  titanium  3d  states  for  the  cubic  phase.  Superimposed 
is  Ti  L //,///  x-ray  absorption  spectrum.  (Shveitser  et.  al.,  1983). 
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X-Ray  Thermal  Diffuse  Scattering  Study  of  Soft  Modes  in  Paraelectric  BaTi03 


N.  Takesue  and  H.  Chen 
Department  of  Materials  Science  and  Engineering, 
University  of  Illinois  at  Urbana-Champaign, 
Urbana,  Illinois  61801,  U.  S.  A. 


Distribution  of  the  x-ray  thermal  diffuse  scattering  intensities  from  the  paraelectric  BaTK>3 
has  been  observed  as  a  function  of  temperature.  The  sheet  of  the  diffuse  scattering  which  had 
been  observed  previously  was  well  reproduced  on  a  (100)  plane  in  a  reciprocal  lattice  space, 
showing  characterized  intensity  distribution  from  the  TA  and  overdamped  TO  modes  with  the 
[100]  polarization.  The  distribution  and  temperature  dependence  of  the  diffuse  intensities  also 
agreed  with  the  results  from  the  previous  neutron  inelastic  scattering  experiment  In  addition, 
the  phonon  dispersion  curves  of  the  TA  modes  with  a  [100]  polarization  were  first  found  out  to 
be  also  anisotropic  with  the  inodes  with  other  polarizations. 


The  two-dimmensional  sheets  of  the  diffuse  scattering  on  { 100}  planes  in  a  reciprocal 
lattice  space  were  observed  from  KNbC>3 1)»2),4)  and  BaTiC>3l)-3)  in  the  x-ray  diffraction 
experiments.  Because  of  their  significant  intensities  it  has  been  thought  that  the  observed 
diffuse  sheets  might  show  a  precursory  effect  which  would  play  an  important  role  on  the 
ferroelectric  phase  transformation  in  those  perovskite  materials.  There  have  been  two 
theoretical  models  explaining  the  origin  of  the  diffuse  sheets;  one  is  Hiiller's  model^).6) 
based  upon  the  soft-optic  dipole  interaction  and  the  other  is  R.  Comes,  M.  Lambert  and  A. 
Guinier’s  model  *)>2)  of  the  order-disorder  type.  Models  were  both  suggested  to  reasonably 
produce  the  diffuse  sheets  on  { 100)  planes. 

The  ferroelectric  phase  transformation  was  originally  studied  by  W.  Cochran^),  based 
upon  the  lattice  dynamics.  It  was  mentioned  that  at  least  one  of  the  TO  modes  must  decrease 
its  energy  in  proportional  to  (T-To),  where  To  corresponds  to  the  paraelectric  Curie 
temperature.  As  a  result,  the  anomaly  of  the  low-frequency  dielectric  constant  appears  near 
the  critical  temperature.  The  neutron  inelastic  scattering  experiments  were  then  performed  by 
Y.  Yamada,  G.  Shirane  and  A.  Linz®),  and  J.  Harada,  J.  D.  Axe  and  G.  Shirane^),  to 
observe  how  the  actual  vibrational  modes  in  the  paraelectric  phase,  which  exists  at 
temperature  T>Tc~130  °C,  are  related  to  the  subsequent  ferroelectric  phase  transformation. 
It  was  clearly  showed  that  the  TO  mode  with  the  polarization  along  the  <100>-type  direction 
is  overdamped®)»9),10),ll)  a  significant  temperature  dependence®)  of  the  scattering 


intensity  at  small  q  around  the  zero  neutron  energy  loss.  Furthermore,  there  was  a 
suprisingly  strong  anisotropy^)  between  the  uncoupled-phonon  dispersion  curves  with  the 
<100>-type  and  any  other  polarizations  of  the  TO  modes.  The  uncoupled  dispersion  curves 
were  calculated  from  the  experimental  data  by  using  the  analytical  approximation  form 
expressing  the  phonon  energy  near7f=0  with  the  Independent  expansion  coefficient  Aj(q) 
explicitly  included  as  follows, 

h2QJ2(j*q)=i12Clj2(0)+Aj(q)lq|2+...  (1). 

The  expansion  coefficient  Aj(q)  for  any  q  vector  with  the  <100>-type  polarization  have  low 
values  all  over  the  q,  while  the  one  with  aother  polarization,  for  example  ,  <110>  steeply 
goes  up.  They  concluded  that  due  to  this  anisotropy  between  the  dispersion  curves,  the 
diffuse  sheets  on  the  {100}  planes  might  exist  with  the  low  values  of  the  expansion 
coefficient  reflected.  The  results  of  the  neutron  inelastic  scattering  experiments,  whose 
feature  is  similar  to  one  of  Hiiller's  model,  phenomenologically  suggested  the  overdamped 
optic  motion  of  atoms  along  the  polarization  directions  <100>  to  make  the  predicted  chain 
structure  along  the  same  <100>  directions  on  which  the  motions  of  atoms  are  strongly 
correlated  with  each  other^). 

We  used  a  poled  crystal  of  BaTi03  with  size  4.1x2.8xl.O  mm^  and  a  surface  normal 
almost  along  a  [100]  direction.  It  has  a  quite  small  amount  of  impurities.  In  this  study,  the 
x-ray  diffuse  scattering  measurement  was  made  by  using  the  synchrotron  radiation  source  at 
National  Synchrotron  Light  Source  in  Brookhaven  National  Laboratory.  A  wavelength  here 
used  is  1.1808  A.  The  x-ray  diffuse  scattering  measurement  was  successively  done  at  200, 
150  and  135  °C  on  a  cooling  cycle.  From  abrupt  change  in  an  intensity  of  a  Bragg  peak  the 
transition  temepratures  were  defined  as  132.5  and  129  °C  on  a  heating  and  cooling  cycles. 

Intensity  distribution  of  the  sheet  of  the  diffuse  scattering  on  a  (100)  plane  at  200, 150  and 
135  °C  is  mapped  in  figures  1  (a),  (b)  and  (c),  respectively.  In  each  figure  there  are  two 
kinds  of  diffuse  scattering  distributed  around  a  (400)  and  (410)  reflections.  We  clearly  see 
the  sheet  of  the  intensities  around  a  (400)  zone  center  reproduced  at  all  the  three  temperatures. 
It  is  noticeable  that  at  lq!>about  0.25  the  intensity  distribution  is  quite  flat  and  almost  cicular, 
while  it  is  considerably  steep  within  lql=0.25  and  elongated  along  [010]  and  [001]  directions. 
On  the  other  hand,  distribution  of  the  diffuse  scattering  around  a  (410)  zone  center  is  weaker 
than  the  other.  Especially,  there  is  almost  no  significant  scattering  at  lql>about  0.25.  Only 
the  steep  intensity  distribution  is  recognized  at  lql<about  0.25.  As  mentioned  by  J.  Harada 
and  G.  Honjo^)  in  the  previous  paper,  a  reason  is  mostly  related  to  a  difference  in  static 


crystal  structure  factors  between  a  (400)  and  (410)  reflections  which  measure  the  diffuse 
scattering  intensities  from  the  acoustic  modes  around  each  reflection. 

The  diffuse  scattering  intensities  from  the  acoustic  modes  around  a  (400)  and  (410) 
reflections  are  each  proportional  to  their  static  structure  factors.  They  are  expressed  at  each 
reflection  as  F(400)=fBa+fTi+3fo  and  F(410)=fBa-fTi-fo,  where  fBa»  fTi  and  fo  are  atomic 
scattering  factors  of  elements.  We  see  that  the  structure  factor  of  a  (400)  reflection  is  much 
larger  than  the  other  since  an  atomic  scattering  factor  of  a  Ti  atom  is  relatively  large  in  all  the 
elements  of  this  substance  and  a  difference  of  4fo  can  not  be  neglected.  As  a  result,  the 
intensity  distribution  is  not  significant  around  the  (410)  zone.  Consequently,  it  is  understood 
that  the  flat  intensity  distribution  around  a  (400)  reflection  at  lql>about  0.25  is  caused  by  large 
contribution  of  the  diffuse  scattering  intensities  from  the  TA  modes  with  the  [100] 
polarization  in  the  lowest  branches.  In  fact,  wee  see  continuously  slight  reductions  of  the 
diffuse  scattering  intensities  of  the  flat  and  circular  distribution  with  temperature  decreased 
from  20C  °C  to  135  °C  as  shown  in  the  figures.  Since  there  is  no  significant  temperature 
dependence  of  the  freq  encies  of  the  TA  modes  along  the  [010]  direction  as  concluded  in  the 
previous  neutron  inelastic  scattering  study**),  it  well  agrees  with  Warren's  theoryl2)  shown 
by  a  factor  of  temperature  T.  The  phonon  dispersion  curves  of  the  TA  modes  with  the  [100] 
polarization  along  any  q  on  the  (100)  plane  must  be  quite  flat  at  lql>about  0.25  with  low 
energies  and  independent  of  temperature.  Whereas  it  is  already  known  that  there  is  the  strong 
anisotropy  of  the  phonon  dispersion  curves  between  the  TO  modes  with  the  <100>-type  and 
the  other  polarizations  as  shown  by  the  q-dependent  expansion  coefficient  Aj(q)9),  the  flat 
and  circular  distribution  of  the  diffuse  scattering  at  (q^>about  0.25  was  also  here  found  out  to 
be  due  to  anisotropy  of  the  dispersion  curves  between  the  TA  modes  in  BaTi03  with  the 
<100>-type  and  the  other  polarizations.  This  new  discovery  of  the  anisotropy  of  the  TA 
modes  is  quite  similar  to  the  results  in  the  previous  neutron  inelastic  scattering  experiment 
about  KTa03l3),  from  which  the  diffuse  sheets  were  also  observed  in  the  x-ray  diffraction 
experiment  However,  the  TA  modes  seem  not  to  play  an  important  role  as  a  pretransitional 
effect  for  the  ferroelectric  phase  transformation. 

On  the  other  hand,  the  steep  intensity  distribution  at  Iqkabout  0.25  results  from  strong 
contribution  of  the  diffuse  scattering  intensities  from  the  overdamped  TO  modes.  As  shown 
in  figures  1,  the  steep  intensity  distribution  of  the  diffuse  scattering  at  all  the  three 
.  ^mperatures  is  elongated  along  the  [010]  and  [001]  directions.  In  the  previous  experiment  of 
the  neutron  inelastic  scattering^),  the  similar  intensity  distribution  of  the  highly  damped  TO 
modes  with  the  [001]  polarization  was  observed  by  Q  scanning  with  the  energy  fixed  to  zero, 
giving  narrow  ridges  of  the  neutron  scattering  intensities  along  the  [100]  and  [010] 
directions.  It  corresponds  to  the  intensity  distribution  at  lqi<about  0.25  in  our  measurement. 


The  intensity  distribution  from  the  overdamped  TO  modes  well  reproduced.  Figures  2 
shows  cross-sectional  intensity  profiles  at  200, 150  and  135  °C  on  the  (100)  plane  along  the 
[010]  direction  around  the  (400)  zone  center.  The  figure  was  extracted  from  the  contour 
maps  of  figures  1  (a),  (b)  and  (c).  Since  there  is  only  a  small  temperature  dependence  due  to 
the  contribution  of  the  diffuse  scattering  intensities  from  the  TA  mode,  the  profiles  at  k=0.3 
through  0.5  are  not  shown  in  the  figures.  We  see  temperature  dependences  of  the  diffuse 
scattering  intensities  from  the  overdamped  TO  mode  at  k<about  0.25.  As  well  as  the  neutron 
scattering  intensities  from  the  overdamped  TO  mode  measured  by  E  scanning  with  Q  constsnt 
arc  increased  with  temperature  lowered^),  the  x-ray  diffuse  scattering  intensities  similarly 
behave  as  temperature  is  decreased  from  200  °C  to  135  °C.  The  change  in  the  intensities  is 
not  so  significant  since  the  contribution  from  the  TA  mode  giving  high  background  intensities 
is  reduced  in  proportional  to  T^)  as  temperature  is  decreased  and  Debye-Waller  factors, 
which  usually  indicate  negative  temperature  dependences  in  the  paraelectric  region  as  is 
shown  in  a  case  of  PbTi03*4),  also  lower  the  diffuse  scattering  intensities.  In  spite  of  these 
effect,  the  temperature  dependence  in  the  figure  was  well  reproduced. 

As  mentioned  above,  in  the  previous  neutron  inelastic  scattering  experiment^)  it  was 
concluded  that  Holler's  model^)*6)  reasonably  agreed  with  the  experimental  results  since  the 
strong  anisotropy  as  shown  by  the^-dependent  expansion  coefficient  Aj(q)  was  found  out, 
meaning  that  atoms  in  the  substance  optically  vibrate  strongly  correlated  with  each  other 
along  the  subsequent  polar  axis.  Our  observation  of  the  distribution  of  the  thermal  x-ray 
diffuse  scattering  represented  the  characteristics  of  the  results  in  the  previous  neutron  inelastic 
scattering  experiments.  Especially,  the  intensity  distribution  from  the  overdamped  TO  mode 
was  well  reproduced,  as  well  as  the  distribution  of  the  sheet  of  the  diffuse  scattering. 
Furthermore,  its  temperature  dependence  is  reasonably  understood.  Consequently,  the  study 
here  supports  Hviller's  model  of  the  dynamical  atomic  chain  structure.  The  overdamped  TO 
modes  with  the  <100>-type  polarization  plays  an  important  role  as  a  precursory  effect  toward 
the  subsequent  ferroelectric  phase  transformation.  Details  will  be  described  in  a  later  paper  to 

be  published^). 
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Figures  1.  Contour  maps  of  the  intensity  distribution  of  the  x-ray 
diffuse  scattering  on  the  (100)  plane  at  200, 150  and  135  °C  shown  in 
(a),  (b)  and  (c),  rspectively.  Figures  clearly  show  the  sheet  of  intensity 
around  a  (400)  reflection  on  the  plane.  An  approximate  resolution 
function  at  a  (400)  reflection  is  indicated  by  a  round-shaped  mark 
above.  A  unit  of  the  intensity  is  arbitrary. 
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Figure  2.  Temperature  dependences  of  the  diffuse  scattering  intensities 
from  the  overdamped  TO  mode  around  the  (400)  zone  center.  Intensity 
profiles  at  200, 150  and  135  °C  are  cross  sections  of  the  contour  maps 
of  figures  1  (a),  (b)  and  (c).  They  are  all  on  the  (100)  plane  along  the 
[010]  direction  at  1=0. 
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Brillouin  light  scattering  was  used  to  obtain  elastic  and  piezoelectric  constants  for  a  single 
domain  orthorhombic  KNb03  single  crystal  at  room  temperature  and  pressure.  More  than  320 
measurements  of  longitudinal  and  transverse  acoustic  wave  velocities  were  obtained  in  160 
different  crystallographic  directions.  An  inversion  of  these  data  using  the  literature  values  for  the 
dielectric  permittivity  of  KNbOj  resulted  in  the  full  set  of  elastic  and  piezoelectric  constants  for 
the  material.  It  is  suggested  that  the  difference  between  piezoelectric  constants  obtained  by  high- 
and  low-frequency  methods  could  be  explained  by  the  high-frequency  relaxation-type  dispersion 
for  the  dielectric  constant  e33  in  the  GHz  region  by  analogy  with  BaTi03.  The  directional 
dependence  of  electromechanical  coupling  for  longitudinal  and  transverse  acoustic  waves  in 
KNbOj  was  analyzed.  The  obtained  elastic  constants  were  (in  GPa):  C&  =224(4), 
Cfj=273(5),  Cfj=245(5),  Cf,=75(l),  C?s=28.5(5),  C&=95(2),  Cf2=  102(5), 

Cf3=  182(10),  Cfj  =  130(6),  where  E  denotes  constant  electric  field  strength. 


I.  INTRODUCTION 

Potassium  niobate  KNbOj  is  an  important  ferroelec¬ 
tric  material  with  the  perovsldte  structure.1-3  Similar  to  the 
more  extensively  studied  isomorphous  analog,  BaTiOj,  it 
shows  the  same  sequence  of  structural  phase  transforma¬ 
tions  on  cooling  from  high  temperature  with  the  crystallo¬ 
graphic  symmetry  being  reduced  from  cubic 
-♦  tetragonal  -•  orthorhombic — rhombohedral.  The  mecha¬ 
nisms  for  the  phase  transformations  (i.e.,  their  displacive 
or  order-disorder  character)  are  still  under  discussion.4*7 

Unlike  tetragonal  BaTi03,  KNb03  is  orthorhombic  at 
room  temperature,  with  space  group  Bmm2  and  the  crys¬ 
tallographic  lattice  parameters  a =5.695  A,  6=3.973  A, 
and  c=5.721  A.8,9  The  spontaneous  polarization  vector  is 
parallel  to  the  c  axis  (i.e.,  parallel  to  the  [1 10]  direction  of 
the  prototypic  high-temperature  cubic  state).  The  dynam¬ 
ical  properties  of  the  orthorhombic  phase  have  been  stud¬ 
ied  by  various  techniques,  including  Raman4,6,7,10 
infrared,5  inelastic  neutron,"  and  diffusive  x-ray12  scatter¬ 
ing  as  well  as  dielectric13,14  measurements.  According  to  its 
symmetry,  orthorhombic  KNb03  has  nine  independent 
elastic  and  five  piezoelectric  constants.15  The  entire  set  of 
elastic  constants  was  first  calculated  by  Phatak  etaln 
from  diffuse  x-ray  scattering  data.  Using  dielectric  mea¬ 
surements,  Wiesendanger13  later  showed,  that  the  values  of 
Phatak  et  aln  were  in  error,  as  they  contradicted  the 
slopes  of  acoustic  phonon  branches,11  differed  considerably 
from  stiffness  constants  in  related  materials,  and  violated 
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stability  criteria.  Wiesendanger13  determined  seven  of  the 
nine  elastic  moduli  and  two  piezoelectric  constants.  Three 
remaining  piezoelectric  constants  were  measured  by 
Gunter.  Both  measurements  were  carried  out  in  the  kHz 
and  MHz  range  of  frequencies. 

In  this  paper  we  present  the  first  results  for  the  com¬ 
plete  set  of  elastic  and  piezoelectric  constants  for  an  ortho¬ 
rhombic  KNb03  single  crystal  measured  using  the  high 
frequency  (7-50  GHz)  Brillouin  light  scattering  tech¬ 
nique.  We  will  also  discuss  the  possible  influence  of  the 
high-frequency  relaxation  on  the  electromechanical  prop¬ 
erties  of  this  material. 

II.  EXPERIMENTAL 

The  KNb03  single  crystals  used  in  our  study  were 
grown  by  a  modified  Kyropoulos  method,16,17  using  a 
{100}  seed  and  pure  chemicals  of  K2C03  (99.99%)  and 
Nb2Os  (99.99%).  As-grown  KNb03  crystals  up  to  30 
X  30X10  mm  in  size  were  usually  multidomain  at  room 
temperature  due  to  phase  transformations  on  cooling.  Sin¬ 
gle  domain  KNb03  crystals  were  obtained  by  a  poling  pro¬ 
cess  at  500  V/cm  (dc)  and  198  *C  in  silicone  oil.  The  single 
domain  crystals  were  colorless  and  transparent.  X-ray 
analysis  of  the  KNb03  crystals  at  room  temperature  gave 
orthorhombic  lattice  parameters  a= 5.697  A,  6=3.971  A, 
and  c=  5.722  A.  Qualitative  chemical  analysis  indicated 
the  total  impurity  level  was  less  than  100  ppm.  These  re¬ 
sults  were  confirmed  by  quantitative  electron  probe  mi¬ 
croanalysis  of  the  crystal  studied,  which  yielded  the  homo¬ 
geneity  of  almost  1:1  for  the  K:Nb  atomic  ratio  at  three 
different  points  in  the  crystal  with  no  traces  of  other  ele¬ 
ments  at  the  0.2%  level.  Excellent  optical  homogeneity  in 
single  domain  crystals  was  confirmed  by  Twyman-Green 
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interference  measurements,  and  the  inhomogeneity  of  re¬ 
fractive  indices  was  less  than  10-6  for  a  5x5x2  mm 
KNbOj  crystal. 

The  specimen  chosen  for  the  Brillouin  measurements 
was  a  clear  and  colorless  single  crystal  with  dimensions  of 
0.3  x  5x16  mm  along  the  orthorhombic  a,  b,  and  c  axis, 
respectively.  The  crystal  faces  were  polished  smooth  with  a 
0.5-pm  AljOj  precision  lapping  film.  Polishing  was  mini¬ 
mized  because  it  tended  to  introduce  a  slight  curvature  to 
the  sample  surfaces,  especially  near  the  edges.  The  speci¬ 
men  was  oriented  using  an  x-ray  diffractometer  and  deter¬ 
mined  to  be  single  domain. 

A  full  description  of  the  Brillouin  apparatus  used  in 
this  study  can  be  found  elsewhere.1*’19  We  present  here 
mainly  the  experimental  details  specific  to  the  data  collec¬ 
tion  of  KNbOj. 

The  light  from  an  Ar-ion  laser  with  a  wavelength  of 

514.5  nm  was  scattered  from  the  crystal  and  collected 
in  a  90*  scattering  geometry.  The  scattered  light  was  ana¬ 
lyzed  by  a  six-pass  tandem  Fabry-Perot  interferometer, 
detected  by  a  photon  counting  photomultiplier,  and  was 
output  to  a  multichannel  scaler. 

As  is  well  known,  Brillouin  scattering  occurs  due  to 
the  inelastic  interaction  of  light  with  acoustic  phonons  in 
the  crystal.  This  results  in  a  frequency  shift  Am  of  the 
incident  light,  which  is  related  to  the  velocity  of  the  acous¬ 
tic  phonon  Vq  propagating  with  the  wave  vector  q  by 

Ao>A 

Vq~  (nj+nj— 2n/i,  cos  0) 1/2  ’  ^ 

where  n(  and  nt  are  the  refractive  indices  for  the  incident 
and  scattered  light,  and  6  is  the  scattering  angle.  The  sub¬ 
scripts  i  and  s  refer  to  the  directions  of  light  inside  the 
crystal  which,  in  general,  do  not  coincide  with  the  direc¬ 
tions  of  the  incident  and  scattered  light  outside  the  crystal. 
As  a  result  0#9O*  despite  the  adopted  90*  scattering  ge¬ 
ometry.  The  orientations  for  all  surfaces  of  the  crystal  were 
measured  using  optical  goniometry  before  the  Brillouin 
measurements  were  made,  so  that  the  effects  of  refraction 
of  the  laser  light  at  the  sample  boundaries  could  be 
calculated.20,21 

The  refractive  indices  of  orthorhombic  KNb03  single 
crystals  at  room  temperature  have  been  measured  by  sev¬ 
eral  authors22'24  with  very  good  internal  consistency.  In 
the  present  work,  values  of  na— 2.3337,  n*=2.3951,  and 
nf=2.2121,  reported  recently  by  Zysset  et  oLu  for  light  at 
wavelength  A=514.5  nm  were  used. 

In  order  to  reduce  the  amount  of  light  scattered  from 
the  surfaces,  to  decrease  the  background  noise  in  the  spec¬ 
tra,  and  to  minimize  the  effect  of  refraction  on  the  phonon 
direction  and  scattering  angles,21  most  measurements  were 
carried  out  with  the  crystal  immersed  in  oil  (Cargille  Stan¬ 
dard  Refractive  Index  Fluid)  with  a  nominal  refractive 
index  of  nfl=s  1.535.  However,  some  of  the  measurements 
were  carried  out  in  air  as  well.  We  obtained  very  good 
consistency  between  these  two  sets  of  data,  proving  the 
reliability  of  the  refraction  correction  procedures.20,21 

A  total  of  more  than  320  measurements  of  longitudinal 
and  transverse  acoustic  wave  velocities  were  obtained  in 


160  different  crystallographic  directions.  For  most  of  the 
runs,  the  polarization  of  the  incident  and  analyzed  light 
was  controlled  by  a  pair  of  Glan-Thompson  polarizers  and 
a  Fresnel  Rhomb  polarization  rotator  to  help  reduce  the 
background  noise  and  distinguish  between  different  acous¬ 
tic  modes. 


Hi.  RESULTS  AND  DISCUSSION 

The  velocity  V  of  a  plane  acoustic  wave  propagating  in 
a  direction  q  is  related  to  the  elastic  properties  of  the  crys¬ 
tal  via  the  Christoffel  equation:25 

|rtt-6ttpF2|=0,  '  (2) 

where 

{c£*,+ 1  («„**„)/(*£?,?,) 

(3) 

and  p— 4.62  g/cm3  is  the  density  of  KNbOj.  CfjU,  eM, 
and  rn  are  the  elements  of  the  elastic  stiffness,  piezoelectric 
stress,  and  dielectric  permittivity  tensors,  respectively.  The 
superscript  E  indicates  the  condition  of  constant  electric 
Held,  while  the  superscript  S  indicates  the  condition  of 
constant  strain,  or  clamped  permittivity.15  The  q/s  are  the 
direction  cosines  of  the  direction  of  wave  propagation. 

In  matrix  notation,  the  nonvanishing  constants  for 
orthorhombic  KNbOj  (Bmm2)  are15  Cf,,  C* 2,  Cf3,  CL 
Cfs,  C«,  cf2,  Cfj,  Cf},  eis,  eM,  e3|,  e32,  e33,  efu  e^,  and  fjj- 
The  piezoelectric  stress  coefficients  etJ  are  related  to  the 
more  familiar  piezoelectric  strain  coefficients  d(J  by 


^s^is^fs*  (**) 

*24  =  ^24^44  •  (*b) 

(4c) 

ej2=  d3 !  Cf2 d 32C^ + dj  jC^j  ,  (4d) 

eii=dl\tfi+di1C%i+di3C%J,  (4e) 

and  the  clamped  dielectric  constants  ef  are  related  to  the 
more  easily  measurable  constant  stress,  or  free  dielectric 
constants  ej  by 

*o*u  — *o*n  — (^®) 
*0*22=*0*22  — ^24*24  •  (5b) 

*0*33 (^31*31 +^32c32+djje3j),  (5c) 


where  e0=  8.8542  X 10“ 12  F/m  is  the  dielectric  permittiv¬ 
ity  of  vacuum. 

Equation  (2)  has,  in  general,  three  different  solutions 
pVj,  /=  1,2,3,  associated  with  one  compressions]  and  two 
shear  waves  propagating  in  a  given  direction.  The  mea¬ 
sured  velocities  were  inverted  for  a  best  fit  set  of  elastic  and 
piezoelectric  constants  by  minimizing  the  sum  of  squares 
of  differences  between  the  measured  velocities  and  those 
calculated  from  a  trial  set  of  constants  using  Eq.  (2).  The 
direct  simplex  method26  of  minimization  was  used,  which 
allowed  for  rapid  calculations  with  any  number  of  mea¬ 
surements  and  any  combination  of  fitting  parameters  to  be 
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Acoustic  velocity  (km/sec) 


FIG.  1.  Sound  velocities  in  the  a-b  crystallographic  plane.  Best  fit  using 
the  reported  set  or  the  elastic  and  piezoelectric  constants.  Symbols — 
experimental  data,  full  line — compressional  wave;  dashed  and  dotted 
lines — shear  waves  polarized  nearly  prependicular  and  parallel  to  the 
plane,  respectively 
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864202468 

Acoustic  velocity  (km/sec) 


FIG.  3.  Sound  velocities  in  the  a-c  crystallographic  plane.  Best  fit  using 
the  reported  set  of  the  elastic  and  piezoelectric  constants.  See  Fig.  1  for 
the  notation. 


taken  into  consideration.  Available  data  on  elastic,  piezo¬ 
electric,  and  dielectric  constants13’14  were  used  as  a  starting 
point  for  minimization. 

The  comparison  of  measured  velocities  with  the 
computer-generated  fit  to  the  data  is  shown  in  Figs.  1-3  for 
the  a-b,  b-c,  and  a-c  crystallographic  planes,  respectively. 
It  should  be  noted  that  the  discrepancies  between  mea¬ 
sured  and  calculated  velocities  are  slightly  exaggerated  on 
the  plots,  because  all  the  data  for  waves  directed  within 
±5*  of  the  plane  are  projected  on  the  corresponding 


Acoustic  velocity  (km/sec) 

FIG.  2.  Sound  velocities  in  the  b-c  crystallographic  plane.  Best  fit  using 
the  reported  set  of  the  elastic  and  piezoelectric  constants.  See  Fig.  1  for 
the  notation. 
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TABLE  1.  Elastic,  piezoelectric,  and  dielectric  constants  of  KNbO)  at 
room  temperature. 


This  study 

Literature* 

Cf, 

Elastic  stiffness  constants  (GPa) 
224*4 

226*2 

c£ 

273*5 

270*2 

245*5 

c£ 

75*1.5 

75.3*0.5 

Cfs 

28.5*0.5 

25.0*0.2 

95  ±2 

95.5*1 

Cfz 

1024:5 

96*3 

eft 

182*10 

Cf> 

130*6 

C?3 

282*5 

280*4 

cZ 

93*2 

94*0.5 

110*2 

113*1 

Piezoelectric  strain  constants  ( 10~ 11  C/N) 

d» 

19.2*0.5 

21.5*0.5 

d» 

15.5*0.5 

15.9*0.5 

d» 

2.7  to  4.8 

0.98*0.2 

dyi 

-8.5  to  -2.3 

-r  1.95*0.2 

d» 

-2.5  to  +1.5 

2.45*0.15 

Piezoelectric  stress  constant  (CAn1) 

*» 

5.3  ±0.2 

5.3*0.15 

«J4 

11.7*0.5 

11.7*0.4 

0.2  to  1.3 

«U 

-18.3  to  -6.2 

*J> 

— 3.4±0.4 

*r» 

Dielectric  constants 

160*10 

*n 

1000*  80 

55*5 

The  data  are  from  Ref.  13,  except  for  dit  which  are  from  Ref.  14. 
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planes.  The  results  of  the  fitting  procedure  are  given  in 
Table  I  along  with  the  values  reported  previously  in  the 
literature.  The  uncertainties  reported  in  Table  I  combine 
experimental  and  computational  uncertainties  and  are 
based  on  the  root-mean-square  deviation  (RMSD)  of  the 
measured  velocities  from  the  best-fit  model  ofD.  1 1  km/s, 
as  given  by  one  standard  deviation,  ±  1  a. 

The  overall  agreement  with  the  set  of  constants  mea¬ 
sured  previously  by  Wiesendanger13  using  piezoelectric  res¬ 
onance  method  is  remarkable.  Minor  differences  can  be 
attributed  to  the  different  types  of  crystal  used  in  both 
studies.  The  so-called  stiffened  elastic  constants,  which  are 
related  to  the  unstiffened  constants  by 


have  been  measured  along  the  crystallographic  directions 
a,  b,  and  c,  respectively,  and  are  also  in  good  agreement 
with  Wiesendanger's  measurements. 

The  present  set  of  measured  velocities  was  found  to  be 
extremely  insensitive  to  the  variations  of  the  three  piezo¬ 
electric  constants  d3l,  d J2,  and  d3i  (or  e3l,  e31,  and  *33). 
Virtually  the  same  quality  of  the  fit  (RMSD =0.11  km/s) 
can  be  achieved  within  the  given  error  bars  for  all  elastic, 
piezoelectric  diS  and  d»,  and  dielectric  constants  with  the 
three  remaining  piezoelectric  constants  being  less  resolved 
and  varying  within  very  broad  limits,  which  are  given  in 
Table  I  for  illustrative  purposes  only. 

The  poor  resolution  for  these  constants  may  be  caused 
by  the  fact  that  they  are  all  strongly  dependent  on  the 
dielectric  constant  along  the  polar  direction  in  the  ciystal, 
633,  [see  Eqs.  (5c)  and  (4c)-(4e)J.  The  dielectric  constant 
e33  of  crystallographically  similar  BaTiO}  is  known  to  have 
high-frequency  relaxation-type  dispersion  over  the  fre¬ 
quency  range  107-1010  Hz.27  14  era/.2*  have  recently 
shown  that  this  high-frequency  relaxation  is  responsible  for 
the  difference  between  piezoelectric  constants  of  BaTi03 
measured  by  Brillouin  light  scattering  technique  and  low- 
frequency  methods.  There  are  indications10,27  that  such  re¬ 
laxation  exists  for  KNb03  crystals  as  well.  However,  direct 
measurements  of  dielectric  permittivities  of  KNbOa  in  the 
GHz  range  of  frequencies  are  required  to  resolve  this  prob¬ 
lem.  Alternatively,  impurities  in  an  amount  ofD.l  at  % 
may  also  significantly  change  the  dielectric  properties  of 
KNbOj.29 

The  effects  of  electromechanical  coupling  on  the  direc¬ 
tional  dependence  of  the  compressional  and  shear  moduli 
(pF2)  in  the  a-b,  b-c,  and  a-c  crystallographic  planes  are 
demonstrated  in  Figs.  4-6,  respectively.  The  51  shear 
waves  have  displacements  in  the  corresponding  plane, 
while  the  52  shear  waves  have  displacements  perpendicu¬ 
lar  to  the  plane.  The  dashed  curves  in  the  figures  represent 
the  same  moduli  with  piezoelectricity  ignored,  i.e.,  calcu- 


CPa 


FIG.  4.  Compressional  (a)  and  shear  (b)  moduli  pF*  in  the  a-b  plane. 
The  dashed  curve  is  for  the  52  shear  mode  with  piezoelectricity  ignored. 
The  longitudinal  and  51  shear  modes  are  uncoupled  to  piezoelectricity. 


GPa 


FIG.  5.  Compressional  (a)  and  shear  (b)  moduli  pF*  in  the  b-c  plane. 
The  dashed  curves  are  for  piezoelectricity  ignored.  The  52  shear  mode  is 
uncoupled  to  piezoelectricity. 
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FIG.  6.  Compressional  (a)  and  shear  (b)  moduli  pF1  in  the  a-c  plane. 
The  dashed  curves  are  for  piezoelectricity  ignored.  The  52  shear  mode  is 
uncoupled  to  piezoelectricity. 


lated  from  the  elastic  constants  only.  It  can  be  seen  from 
these  figures  that,  as  in  the  case  of  BaTi03,21  the  electro¬ 
mechanical  coupling  has  a  maximum  when  the  displace¬ 
ment  is  parallel  to  the  c  axis  of  electric  polarization,  and 
there  is  no  coupling  at  all  when  the  displacement  is  per¬ 
pendicular  to  this  axis. 

About  75%  of  the  shear  energy  is  converted  into  elec¬ 
trical  energy  for  the  transverse  wave  propagating  in  the 
[100]  direction  [see  Figs.  4(b)  and  6(b)],  while  only  about 
20%  of  the  shear  energy  is  converted  into  electrical  energy 
in  the  [010]  direction  [Figs.  4(b)  and  5(b)].  These  values 
are  in  good  agreement  with  the  electromechanical  coupling 
constants  (k,j)  of  KNb03  found  by  Wiesendanger,13  which 
are  /c|j=0.77  and  *24  =0.21,  respectively.  About  14%  of 
compressional  energy  is  transformed  into  electrical  energy 
for  the  longitudinal  wave  propagating  in  the  [01 1]  direction 
[Figs.  5(a)  and  6(a)]  which  leads  to  the  electromechanical 
coupling  constant  fc33=0.37.  It  is  interesting  to  note  that 
there  is  another  maximum  of  electromechanical  coupling 
in  the  direction  ss[102]  in  Fig.  6(b),  when  about  50%  of 
the  shear  energy  is  transformed  into  electrical  energy,  and 
this  maximum  corresponds  to  a  minimum  of  electrome¬ 
chanical  coupling  for  the  longitudinal  wave  in  the  same 
direction  [Fig.  6(a)].  There  is  also  a  zero  electromechani¬ 
cal  coupling  for  the  shear  waves  propagating  approxi¬ 
mately  in  the  crystallographic  directions  [045]  and  [504] 
[see  Figs.  5(b)  and  6(b),  respectively]. 


IV.  CONCLUSIONS 

The  complete  set  of  elastic  constants  for  a  single  do¬ 
main  orthorhombic  KNbOj  single  crystal  at  room  temper¬ 
ature  has  been  determined  by  a  Brillouin  light  scattering 
technique  using  literature  data  for  the  dielectric  permittiv¬ 
ity  of  KNbOj.  The  difference  between  piezoelectric  con¬ 
stants  obtained  by  low-  and  high-frequency  methods  sug¬ 
gests  there  may  exist  a  high-frequency  relaxation-type 
dispersion  for  the  dielectric  constant  e33  in  the  GHz  range 
of  frequencies,  similar  to  that  found  earlier  for  analogous 
BaTiOy  crystals.  High  frequency  dielectric  measurements 
for  KNb03  are  needed  to  resolve  this  problem. 

The  directional  dependence  of  electromechanical  cou¬ 
pling  for  longitudinal  and  transverse  acoustic  waves  in 
KNb03  was  analyzed.  The  coupling  is  at  maximum  when 
the  displacement  is  parallel  to  the  c  (polar)  orthorhombic 
axis  and  there  is  zero  coupling  when  the  displacement  is 
perpendicular  to  this  axis.  Several  other  directions  of  wave 
propagation  corresponding  to  extrema  of  electromechani¬ 
cal  coupling  have  also  been  determined. 

Note  added  in  proof:  After  acceptance  of  this  article,  we 
became  aware  of  the  recent  article  by  Zgonik  et  a l.30  who 
present  a  complete  set  of  materials  constants  for  KNb03 
consistent  with  the  available  low-frequency  measurements. 
Our  results  are  generally  in  very  good  agreement  with  the 
suggested  set  of  constants,  except  for  those  constants 
strongly  dependent  on  e33,  the  dielectric  constant  along  the 
polar  direction  in  the  crystal.  The  possible  existence  of 
relaxation-type  dispersion  for  e33  in  the  GHz  range  of  fre¬ 
quencies,  as  discussed  in  the  present  article,  may  explain 
this  disagreement. 
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ABSTRACT 

Pre-transitional  behavior  prior  to  the  onset  of  the  cubic-to-tetragonal  phase  transformation 
in  KNb03  has  been  studied  with  synchrotron  x-ray  scattering  at  NSLS,  Brookhaven  National 
Lab.  Measurements  of  the  Thermal  Diffuse  Scattering  (TDS),  Grazing  Incidence  X-ray 
Scattering  (GIXS),  and  precursor  Bragg  scattering  have  been  performed  at  a  series  of 
temperatures  on  a  single  crystal  sample  in  the  cubic  phase  (Tc  =  405  °C).  The  TDS  was 
measured  in  the  (001) ,  (01 1)  and  (111)  cubic  planes.  The  GIXS  was  measured  above,  at  and 
below  the  critical  scattering  angle  of  the  sample.  Based  on  localized  soft  mode  theory, 
dynamic  tetragonal  fluctuations  may  be  expected  prior  to  the  onset  of  the  phase  transition 
initiated  by  defects  or  surfaces.  The  GIXS  data  indicate  that  the  tetragonal  phase  is  apparent 
prior  to  the  phase  transition  of  the  bulk  -  -  consistent  with  the  notion  that  nucleation 
originates  from  potent  defect  sites  during  a  martensitic-like  displacive  transformation.  The 
TDS  intensity  distribution  is  disk-shaped;  arising  from  a  localized,  low  energy  transverse 
optic  mode  in  the  [100]  directions  extending  out  to  the  Brillouin  zone  boundary  (reduced 
wave  vector,  q  =0.5  ).  Scans  made  in  the  (01 1)  planes  show  TDS  intensity  extending  out  to 
a  reduced  wave  vector  of  q  -  0.2.  Preliminary  analysis  indicates  that  a  low  energy  transverse 
optic  mode  extends  in  the  [011]  direction  as  well.  The  TDS  intensity  decreases  as  the 
transition  temperature  is  approached  from  above.  Comparison  of  the  TDS  results  with 
inelastic  neutron  scattering  data  will  be  made. 

I.  INTRODUCTION 

The  oxygen  perovskite,  potassium  niobate,  is  known  to  undergo  successive  phase 
transitions  from  cubic  to  tetragonal  to  orthorhombic  to  rhombohedral  structures.[l]  Together 
with  barium  titanate,  which  undergoes  the  same  set  of  successive  phase  transitions,  an 
extensive  number  of  studies  have  focussed  on  these  ferroelectrics.  The  major  objective  is  to 
investigate  the  physical  origin  of  the  phase  transtions.  In  I960,  soft  mode  theory  was 
proposed  as  a  lattice  dynamical  model  in  that  one  or  many  normal  modes  of  oscillation 
becomes  increasingly  unstable  as  the  temperature  is  lowered.[2,3]  The  dynamic 
displacements  become  frozen  in,  resulting  in  the  formation  of  a  new  structure.  The  symmetry 
of  the  new  low  temperature  phase  is  a  subgroup  of  the  parent  phase  and  there  is  a  symmetry 
relation  between  the  soft  mode  and  the  pattern  of  atomic  displacements  of  the  product  phase. 
This  model  has  found  success  with  many  materials,  most  notably  SrTiC>3 

Many  studies  since  then  have  displayed  results  inconsistent  with  some  of  the  features  of 
soft  mode  theory.  In  particular,  an  x-ray  scattering  study  of  KNb03  revealed  diffuse  sheets 
of  intensity  in  the  {100}  reciprocal  lattice  planes.[4,5]  The  results  suggested  that  a  model 
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on  local  static  disorder  --  due  to  several  possible  statistical  positions  available  to  the  center 
(Nb)  ion  —  was  appropriate.  More  recent  results  indicate  the  existence  of  dynamic  disorder 
in  the  Nb  ions  in  the  orthorhombic  phase  of  KNb03  with  highly  anisotropic  properties.  [6] 
The  results  also  suggest,  in  the  case  of  BaTiOj(  that  the  appearance  of  a  central  peak  and 
other  anomalous  behavior  in  neutron  scattering  and  x-ray  scattering  studies  as  the  phase 
transition  is  approached  from  above  indicates  evidence  of  precursor  clusters  of  the  product 
phase.  The  current  work  focusses  on  a  quantitative  study  of  the  diffuse  scattering  in  KNbC>3 
and  possible  evidence  for  similar  precursor  behavior  prior  to  the  onset  of  the  cubic  to 
tetragonal  phase  transition. 

II.  EXPERIMENTAL  RESULTS 

The  x-ray  scattering  measurements  were  made  at  beamline  X 14  at  the  NSLS  using  a 
wavelength  of  1.512  A  on  a  single  crystal  sample  of  KNbOs-  Scans  were  made  for  seven 
temperatures  above  the  phase  transition  temperature.  The  phase  transition  temperature  was 
observed  to  occur  at  405  °C  (+/-  1°)  on  cooling.  The  measured  lattice  parameters  agreed  with 
previously  reported  values.  [7]  The  sample  was  oriented  with  the  [Oil]  of  the  cubic  axis 
normal  to  the  surface  and  was  heated  from  below.  The  sample  temperature  was  monitored  to 
within  1  degree  and  the  thermal  gradient  calculated  to  be  no  more  than  1  degree.  The 
Thermal  Diffuse  Scattering  was  measured  primarily  from  the  004  cubic  Bragg  peak  but  also 
from  the  002,  022  and  030  cubic  peaks.  The  Grazing  Incidence  X-ray  Scattering  was 
measured  from  200  surface  peak  at  grazing  incidence  angles  of  0.15,  0.3  and  1.5  degrees. 
The  data  are  presented  for  the  angles  of  0.3  and  1.5  which  correspond  to  scattering  from  the 
top  250  A  and  2500  A,  respectively.  Figures  1  and  2  show  representative  surface  plots  and 
contour  plots  of  the  TDS  in  the  transverse  configuration.  The  scans  were  obtained  at  a 


Figure  1 .  Thermal  Diffuse  Scattering  of  the 
(100)  plane  in  the  transverse  configuration 
from  the  004  Bragg  peak. 


Figure  2.  Thermal  Diffuse  Scattering  of  the 
(010)  plane  in  the  transverse  configuration 
from  the  004  Bragg  peak. 


temperature  of  409°C,  corresponding  to  4  degrees  above  the  phase  transition  temperature. 
These  scans  were  done  from  the  004  cubic  Bragg  peak  with  the  net  momentum  transfer 
nearly  perpendicular  to  the  scattering  vector.  The  scattering  geometry  is  shown  in  the  inset. 
The  intensity  distribution  shown  includes  a  first  order  correction  to  Bragg  scattering,  fitting 
the  broadened  peak  with  a  gaussian  distribution.  The  TDS  intensity  distribution,  which  arises 
from  low  energy  transverse  phonon  modes,  extends  strongly  to  the  zone  boundary  (q  =  0.5). 

The  width  of  this  intensity  distribution,  5q,  is  0.075. 


Figure  3.  Thermal  Diffuse  Scattering  of  the 
(001)  plane  in  the  transverse 
configuration  from  the  004  Bragg  peak. 
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Figure  4.  Thermal  Diffuse  Scattering  of  the 
(Oil)  plane  in  the  transverse  configuration 
from  the  022  Bragg  peak. 


Figure  3  shows  a  representive  surface  plot  and  contours  for  the  purely  transverse 
configuration  (see  inset).  There  is  no  structure  in  the  intensity  distribution,  however  the 
magnitude  of  the  TDS  scattering  intensity  is  large  for  all  values  of  momentum  transfer.  The 
contribution  to  the  TDS  in  total  is  a  disk-shaped  sheet  of  intensity  in  the  {100}  reciprocal 
lattice  planes.  Figure  4  shows  the  contribution  of  two  mutually  perpendicular  intensity 
distributions.  The  diffuse  intensity  versus  temperature  is  plotted  in  Figure  5  for  reduced 
wave  vectors  of  q  =  0.15 , 0.25  and  0.45.  The  intensity  of  the  diffuse  sheet  decreases  as  the 
transition  temperature  is  approached  from  above.  This  is  consistent  with  a  low  energy 
transverse  phonon  mode  that  stiffens  into  static  displacements  at  the  phase  transition 
resulting  in  the  new  product  structure. 


Figure  5.  Diffuse  scattering  intensity  versus 
temperature  at  reduce  wave  vectors ,  q-,  of 
0.15, 0.25  and  0.4. 


Figure  6.  Grazing  Incidence  Scattering  at 
angles  a  =  0.3  and  a=  1.5  for  T=  413°C. 


The  results  for  the  GIXS  are  shown  in  Figures  6, 7  and  8  for  three  temperatures  above 
the  transition  temperature.  Well  above  the  transition  temperature  (Figure  6)  both  the  bulk 
scattering  and  surface  scattering  peaks  correspond  to  the  cubic  phase  only  with  measured 
lattice  parameters  of  4.023  A  and  4.027  A  respectively.  A  few  degrees  above  the  phase 
transition  the  main  peaks  correspond  to  the  cubic  phase,  however  the  surface  scattering  peak 
displays  a  small  satellite  peak  which  may  correspond  to  fluctuations  of  the  tetragonal  phase 
initiated  from  the  surface.  Just  above  the  phase  transition  (Figure  8)  the  bulk  scattering  peak 
is  cubic  however  the  surface  scattering  dis'  ’ays  the  tetragonal  phase. 


Figure  7.  Grazing  Incidence  Scattering  at 
angles  a  =  0.3  and  a=  1 .5  for  T=  409°C. 
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Figure  8.  Grazing  Incidence  Scattering  at 
angles  a=  0.3  and  a-  1.5  for  T=  407°C. 
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III.  DISCUSSION 

The  pre-transitional  behavior  of  potassium  niobate  has  been  studied  using 
synchrotron  x-ray  scattering.  The  measurements  of  the  TDS  indicate  the  existence  of  a  low 
energy  diffuse  mode  in  the  [100]  directions.  The  intensity  of  the  TDS  decreases  as  the 
transition  temperature  is  approached  from  above  which  is  consistent  with  a  stiffened  soft 
mode  corresponding  to  the  static  displacements  of  the  new  transformed  phase.  The 
inconsistency  with  soft  mode  theory  occurs  in  the  distribution  of  the  TDS  intensity.  This 
peculiar  type  of  disk-shaped  intensity  distribution  indicates  a  small  correlation  length 
between  phonon  modes  in  real  space.  This  behavior  cannot  be  simply  described  in  terms  of 
first  or  second  order  TDS  theory.  The  results  of  the  GIXS  provides  evidence  of  precursor 
behavior  related  to  the  new  product  phase.  Nucleation  of  the  new  product  phase  occurs  at 
defect  sites,  interfaces  and  surfaces.  In  comparison,  inelastic  neutron  scattering  results  (not 
shown)[8]  support  the  conclusion  of  strongly  anharmonic  behavior  in  addition  to  evidence  of 
disorder.  The  inelastic  neutron  scattering  results  show  low  energy  transverse  optic  modes  in 
the  [100]  directions  only  and  strong  broadening  in  energy  and  wave  vector  of  phonon  modes 
as  the  transition  temperature  is  approached  from  above.  These  results  suggest  that  a  different 
model  than  soft  mode  theory  is  necessary,  that  includes  anisotropic  behavior  and 
anharmonicity. 
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KNb03  is  a  perovslrite  ferroelectric  ceramic  material  with  important  electro  optical  and  non  linear 
optical  properties  l1  *  21.  It  can  be  used  in  an  optical  parametric  oscillator,  secondary  harmonic 
generator  and  photo  refractive  holographic  storage  devices.  Its  macroscopic  properties  depend  on  a 
number  of  inter-related  features  such  as  crystal  structure,  domain  structure,  defects  and  impurity 
content  KNbC>3  has  four  known  solid  phases  with  decreasing  symmetry  with  temperature: 

Cubic  Tetragonal  ^  ^ ->  Orthorhombic Monoclinic .  The  paraelectric  to 

ferroelectric  transition  occurs  during  the  cubic  to  tetragonal  transformation.  The  dielectric  properties 
of  KNbC>3  have  been  extensively  studied  and  related  to  the  various  phase  transformations.  The  aim 
of  this  investigation  is  to  study  the  orthorhombic  to  tetragonal  phase  transformations  using  TEM. 

Thin  slices  were  cut  from  a  flux  grown  crystal  and  mechanically  polished  to  a  thickness  of  100  pm 
with  a  1pm  surface  finish  using  diamond  paste  and  isopropyl  alcohol  as  the  lubricant  Discs  (3  mm 

in  diameter)  were  then  ultrasonically  drilled,  dimpled  on  one  side  to  a  thickness  of  about  SO  pm,  and 
mounted  on  Cu  grids  for  support  Final  perforation  to  electron  transparency  was  achieved  by  argon 
ion  beam  milling  under  an  accelerating  voltage  of  6  kV  and  a  gun  current  not  exceeding  1  mA. 
Under  these  conditions,  no  domain  boundary  motion,  domain  or  defect  (dislocations)  nucleation  was 
expected.  Hot  stage  TEM  experiments  were  performed  on  a  Philips  EM  420  using  a  single  tilt 
specimen  holder.  The  heating  rate  was  about  10°C  /  minute.  A  dwell  time  of  20  minutes  was 
allowed  after  each  50°C  increment  to  allow  for  structural  relaxation. 

Figure  la  is  a  bright  field  (TEM)  image  of  the  domain  configurations  commonly  observed  in 
KNbC>3.  The  associated  diffraction  pattern  (Figure  lb),  taken  across  many  boundaries,  shows  no 
spot  splitting  in  [001]  direction  and  contrast  behavior  similar  to  Friedel's  law  failure  was  frequently 
observed.  These  arc  characteristics  of  180°  domains.  90°  domains,  characterized  by  spot  splitting  in 
the  [001]  diffraction  patterns  arc  also  frequently  observed.  On  heating  a  [01 1]  foil,  the  orthorhombic 
to  tetragonal  transformation  started  at  188°C  and  was  completed  at  192°C.  The  reverse 
transformation  (i.e.  tetragonal  to  orthorhombic)  occured  between  174°C  and  167°C.  In  Figure  2,  the 
microstructural  modifications  that  took  place  during  the  transformation  of  an  area  containing  180° 
domains  is  seen.  The  transformation  manifested  itself  by  the  disappearance  of  the  domains  at  192°C 
(Figure  2a).  On  subsequent  cooling,  many  domain  variants  reappeared  (Figure  2b).  This  behavior, 
observed  during  repeated  experiments,  indicated  that  the  transformation  had  no  microstructural 
reversibility.  The  diffraction  patterns  associated  with  Figures  2a  and  2b  are  seen  in  Figure  3.  The 
[01 1]  orthorhombic  direction  changed  to  the  [001]  tetragonal  without  any  tilting  or  rotation  of  the 
specimen.  Although  no  orthorhombic  /  tetragonal  phase  boundary  could  be  imaged  due  to  the 
rapidity  of  the  transformation,  these  two  patterns  were  sufficient  to  establish  the  reversible 
orientation  relation  between  the  two  phases.  This  relation  was  [01 1]0  //  [001]t  and  (100)o  //  (100)t. 
Since  the  (100)t  and  the  (010)t  were  interchangeable,  two  symmetry  equivalent  options  at  90°  to 
each  other  could  be  expected  in  the  tetragonal  phase,  as  observed  in  the  microstructure  (Figure  4). 
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1  FIG.  1.— (a)  BF  image  of  180°doma::.s 
in  KNbOj  and  (b)  the  associated 
diffraction  pr  'em  (s  =  0). 

3.  2.--BF  images  at  (a)  192°C  and  (b) 
.  7°C.  The  transformation  has  no 

!-  .:crostructurat  reversibility 
MG.  3.--SADP  of  the  (a)  [01 1]0  and  (b) 
[OOlJt  directions,  a  tranforms  into  b 


■  ithout  tilting  or  rotation  of  the  sample. 
.  iG.  4.--BF  showing  two  symmetry 
epuivalent  variants  of  the  tetragonal 
phase  at  90°  to  each  other. 
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Among  the  ferroelectric  perovskites,  BaTi03  and  KNb03  have  received  the  most 
theoretical  attention,  and  may  be  regarded  as  prototypical  materials.  As  a  function  of 
ascending  temperature  both  materials  undergo  rhombohedral  to  orthorhombic,  to 
tetragonal  and  to  cubic  transitions,  with  all  non-cubic  phases  being  ferroelectric.  Both 
systems  were  reported  to  shov/  two-dimensional  diffuse  intensity  sheets  in  the 
reciprocal  space,  indicating  the  presence  of  one-dimensional  correlation  in  real  space. 
In  late  sixties  Comes,  Lambert  and  Guinier  proposed  the  eight-site  static  model  which 
suggested  the  transitions  are  of  order-disorder  type.  In  this  model,  the  potential  energy 
surface  has  a  maximum  for  the  cubic  perovskite  structure  and  eight  (degenerate) 
minima  for  the  <111>  displacements  of  the  body-centered  transition  metal  ion.  In  this 
picture,  the  relevant  dynamics  consist  mainly  of  hopping  among  these  eight  minima. 
At  low  temperatures,  only  one  of  the  minima  is  occupied,  corresponding  the 
rhombohedral  phase,  while  at  high  temperatures  the  barriers  between  the  minima  are 
more  easily  surmounted  leading  to  equal  occupation  of  all  eight  sites  and  an  average 
cubic  structure.  The  cubic  symmetry  is  broken  as  the  temperature  is  lowered  through 
preferential  occupation  of  four  sites  lying  in  a  plane  in  the  tetragonal  phase  and  two 
adjacent  sites  in  the  orthorhombic  phase.  Comes  et  al.  also  proposed  the  presence  of  a 
linear  chain  static  structure  for  all  three  high-temperature  phases  in  order  to  describe 
the  two-dimensional  intensity  sheets  observed  in  the  diffraction  pattern.  The  current 
investigation  emphasizes  the  use  of  high-resolution  synchrotron  x-ray  measurements  to 
resolve  the  fine  features  associated  with  the  2D  sheet  intensity  profile.  Intensity 
simulation  is  performed  to  check  against  the  static  eight-site  model  as  well  as  the 
dynamical  model  based  upon  a  shallow,  soft  phonon  branch.  Inelastic  neutron 
scattering  was  also  performed  to  confirm  the  required  flat  soft  phoi  on  branch.  Our 
results  favor  the  dynamical  model  over  the  static  one,  although  a  combined  effect  from 
both  cannot  be  totally  ruled  out. 

t  Research  supported  by  the  U.S.  AFOSR  URI  grant  No.  90-0174. 
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Phase  Transformations  in  Potassium  Niobate  Perovskite  Ceramics 
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Potassium  niobate  ceramics  undergo  the  phase  transformations: 

Cubic  (Pm3m)  -*■  Tetragonal  (P4mm2)  -*  Orthorhombic  (Bmm2) 

425°C  234°C 

The  cubic  to  tetragonal  transformation  is  accompanied  by  a  ferroelectric  phase 
transition.  In  situ  TEM  studies  reveal  that  this  transformation  starts  (on  cooling)  at 
438°C  and  ends  at  410°C.  It  is  preceeded  by  the  appearance  of  stable  microdomains  at 
440°C.  These  microdomains  are  arranged  at  120°,  90°and  30°  to  each  other.  Ferroelectric 
domains  nucleate  at  the  intersection  of  these  microdomains  and  grow  during  cooling. 
The  transformed  fraction  is  temperature  dependent.  This  transformation  is 
characterized  by  the  reversible  orientation  relation: 

{llOJc  /  /  {110}t  and  (001  )c  /  /  (001)t. 

The  reverse  transformation  (on  heating)  starts  at  418°C  and  does  not  show  any 
microdomain  formation  once  completed.  The  tetragonal  to  orthorhombic 
transformation  occurs  at  exactly  234°C.  Once  initiated,  the  transformation  front  sweeps 
through  the  whole  microstructure  within  seconds.  The  orientation  relationship  is: 

[001]t  /  /  [01 1]0  and  (100)t  /  /  (100)o 

While  the  cubic  to  tetragonal  transformation  occurs  via  a  dilatational  process,  the 
tetragonal  to  orthorhombic  transformation  involves  a  shear  mechanism.  The  details  of 
these  transformations  will  be  presented. 
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Phase  Transformations  in  Dicalcium  Silicate:  II,  TEM  Studies  of 
Crystallography,  Microstructure,  and  Mechanisms 

Youn  Joong  Kim,*  Ian  Nettleship,* 7  and  Waltraud  M.  Kriven* 

Department  of  Materials  Science  and  Engineering,  University  of  Illinois  at  Urbana-Champaign,  Urbana,  Illinois  61801 


The  crystallography,  microstructures,  and  phase  transfor¬ 
mation  mechanisms  in  dicalcium  silicate  (Ca2Si04)  were 
studied  by  TEM.  Three  types  of  superlattice  structures 
were  observed  in  the  ai  and  ft  phases.  Almost  all  $  grains 
were  twinned  and  strained.  Symmetry-related  domain 
structures  inherited  from  previous  high-temperature  trans¬ 
formations  were  observed  in  (3  grains.  Both  the  a— a„  and 
<*L  —0  transformations  were  considered  to  be  ferroelastic, 
and  spontaneous  strains  were  calculated.  In  terms  of  the 
crystal  structures,  the  major  driving  force  for  the  0-*^ 
transformation  is  proposed  to  be  strains  and  cation  charge 
repulsions  in  the  0  structure.  This  mechanism  can  be  dis- 
placive,  but  it  needs  to  overcome  a  comparatively  high 
energy  barrier. 

I.  Introduction 

Dicalcium  silicate  (Ca2SiO„)  is  a  major  component  of 
Portland  cement  that  has  been  studied  for  a  long  time . 
However,  considerable  confusion  and  lack  of  understanding 
exist  in  the  literature  regarding  the  crystal  structures  and  micro¬ 
structures  as  well  as  transformation  behavior  between  its  poly¬ 
morphs.  As  an  orthosilicate,  Ca2Si04  has  an  unusually  large 
number  of  polymorphs,  viz.,  a,  a,',,  a  i,  0,  and  -y.  For  compari¬ 
son,  olivine  (Mg2Si04),  a  typical  orthosilicate  mineral,  has 
only  one  stable  phase  (the  orthorhombic  y  phase)  throughout 
the  entire  temperature  range,  from  room  temperature  to  the 
melting  point.  Most  microstructural  studies  of  Ca2Si04  have 
been  limited  to  the  stabilized  0  and  ai  phases,  because  of  the 
difficulty  in  retaining  solid  samples  of  the  other  phases  at  room 
temperature.  The  dusting  effect  due  to  a  large  volume  increase 
accompanying  the  0-»*y  transformation  has  been  observed,  but 
the  transformation  mechanism  itself  is  poorly  understood. 

There  are  many  different  reports  on  the  polymorphism, 
microstructures,  and  phase  transfonnations  in  Ca2Si04,'  possi¬ 
bly  due  to  (i)  different  macrostructures  and  microstructures  of 
the  starting  materials,  such  as  different  grain  sizes;3  3  (ii)  differ¬ 
ent  chemistry  of  the  starting  materials,  especially  the  presence 
of  impurities;4  and  (iii)  different  processing  conditions,  in  par¬ 
ticular,  cooling  kinetics.3  Nevertheless,  five  polymorphs  of 
pure  Ca2Si04  have  been  widely  observed,  including  the  meta¬ 
stable,  high-pressure  0  phase.  Table  1  lists  crystallographic  data 
of  each  polymorph  from  the  literature.5'16  Several  different 
choices  of  crystallographic  axes  have  been  used  in  describing 
these  polymorphs,  especially  the  orthorhombic  structures.  As  a 
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working  model  for  this  study,  one  space  group  is  chosen  for 
each  polymorph,  and  these  polymorphs  are  correlated  to  one 
another.  Figure  1  schematically  displays  the  geometries  of  these 
polymorphs  and  the  reported  lattice  correspondences  among 
them.  Figure  1  shows  the  interchange  of  b  and  c  axes  between 
the  two  orthorhombic  phases  (a[  and  -y)  and  the  monoclinic  0 
phase.  Since  the  b  axis  of  the  0  phase  is  the  highest  symmetry 
axis  in  conventional  crystallographic  notation,  which  corre¬ 
sponds  to  the  c  axes  of  the  other  phases,  there  is  actually  no 
switching  of  axes  by  the  transformation  in  this  system. 

The  following  points  summarize  some  of  the  current  prob¬ 
lems  in  the  crystal  structures  and  microstructures  that  are  rele¬ 
vant  to  this  study: 

( 1 )  The  crystal  structure  of  a  has  not  yet  been  firmly  deter¬ 
mined.  Three  space  groups  for  the  structure  have  been  sug¬ 
gested:  Fbj/mmc,6  P6,mc, 13  or  Phm\ ,5 

(2)  No  report  of  a  structural  refinement  of  a„  exists,  but  a 
space  group  of  Pmcn  has  been  assigned5  based  on  high-temper¬ 
ature  powder  XRD  data. 

(3)  Two  superlattice  models  have  been  proposed  for  the  a'L 
structure  referring  to  the  a„  lattice:  (i)  doubling  of  the  a  and  b 
axes  ( x  2a, 26-type)  with  a  space  group  Pmcn 5  and  (ii)  tripling 
of  the  c  axis  ( x  3c-type)  with  a  space  group  f>2,cn . 1 1 

(4)  Two  different  twinning  modes  of  0-Ca2SiO4  have  been 
reported:  (i)  both  {100}-type  and  {OOlJ-type  twinning"  or  (ii) 
only  {100}-type  twinning.13 " 

(5)  The  suggested  transformation  mechanisms  among  the 
polymorphs  are  generally  (i)  a  semireconstructive  mechanism 
between  a  and  o<h;17  (ii)  an  order-disorder  transformation 
mechanism  between  <*h  and  oil;17  (iii)  a  displacive,  possibly 
martensitic  mechanism  between  a[  and  0;17-20  and  (iv)  a  recon¬ 
structive17  or  displacive31  mechanism  for  0-*-y. 

The  objective  of  this  study  is  to  address  the  above-listed 
problems  through  an  in-depth  TEM  characterization  of  various 
Ca2Si04  samples.  The  approach  is  to  understand  these  problems 
as  a  part  of  the  entire  sequence  of  phase  transfonnations  in  the 
Ca2Si04  system.  A  special  intention  is  to  understand  the  0-*y 
transformation  in  terms  of  crystal  structures  and  the  mecha¬ 
nisms  involved.  It  is  an  unusual,  low-  to  high-symmetry  trans¬ 
formation  accompanied  by  a  large  volume  increase  (~  12%)  on 
cooling. 

II.  Experimental  Methods 

Three  groups  of  samples  were  studied:  (i)  pellets  of  fine¬ 
grained,  single-phase  Ca2Si04,  sintered  between  1300°  and 
1450°C  for  1  min  to  12  h;22  (ii)  pellets  of  Ca2Si04,  doped  with  I 
to  5  mol%  Ba2Si04  and  sintered  between  1300°  and  1400°C  for 
1  to  3  h;23  and  (iii)  composites  of  Ca2Si04  (15  vol%)  in  an  MgO 
matrix,  sintered  at  1600°C  for  3  h,24  and  composites  of  Ca2Si04 
(10voi%)  in  a  CaZrO,  matrix,  sintered  at  1600°C  for2  h.25 

All  pellets  were  examined  by  TEM  (Model  EM-430 
(300  kV),  Philips  Instruments,  Inc.,  Mahwah,  NJ;  Model 
EM-420  (120  kV),  Philips  Instruments,  Inc.,  with  EDS  Model 
EDAX-9900,  EDAX  International,  Inc.,  Prairie  View,  IL; 
Model  EM-400T  (120  kV),  Philips  Instruments,  Inc.;  and 
Model  600 (100  kV),  Hitachi  Instruments,  Inc.,  Conroe,  TX. 
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Table  I.  Crystallographic  Data  frota  tlttc  Literature  lor  Cm^iO,  Polymorphs 


Mymotph 
(crystal  system)* 

Space 

group 

Lattice  parameters' 

7  — 

(*C? 

Sample1 

Reference 

a  (A) 

6(A) 

c(A) 

P«fc<) 

a 

P5ml 

5.526 

7.307 

1500 

Powder 

5 

P6j Immc 

5.579 

7.150 

RT 

Single  xP 

6 

Pmcn 

5.593 

9.535 

6.860 

1250 

Powder 

5 

Pnma 

6.748 

5.494 

9.261 

1330 

Powder 

7 

? 

11.227 

6.865 

19.110 

1270 

Powder 

8 

Pcmn 

9.49 

5.59 

6.85 

1200 

Powder 

9 

ai 

Pmcn 

11.184 

18.952 

6.837 

1000 

Powder 

5 

7 

11.207 

6.849 

18.952 

1020 

Powder 

8 

11.150 

6.820 

18.822 

770 

Pcmn 

9.48 

5.59 

20.49 

1000 

Powder 

9 

9.41 

5.53 

20.43 

800 

Pmcn ? 

5.48 

9.27 

20.40 

RT 

Powder* 

10 

P2,cn 

5.566 

9.355 

20.569 

RT 

Single  xlc 

II 

Pna2, 

20.863 

9.500 

5.601 

RT 

Single  xP 

12 

P 

P2,ln 

5.554 

6.813 

9.421 

93.60 

650 

Powder 

5 

5.506 

6.749 

9.304 

94.62 

RT 

7 

5.544 

6.802 

9.419 

93.28 

720 

Powder 

8 

5.512 

6.752 

9.294 

93.34 

RT 

P2,ln 

5.502 

6.745 

9.297 

94.59 

RT 

Single  xl 

13 

y 

Pcmn 

5.085 

6.773 

11.237 

RT 

Powder 

5 

Pbnm 

5.091 

11.371 

6.782 

RT 

Single  xl 

14 

Pbnm 

5.078 

1 1 .225 

6.760 

RT 

Single  xl 

15 

Pbnm 

5.081 

11.224 

6.778 

RT 

Single  xl 

16 

•a  is  hexagonal,  a*.  a(.  and  y  are  orhorhombic  and  (i  is  monoclinK:-  '1  A  =*  10’ 1  nm  'RT  is  room  temperature.  *xl  is  crystal.  a  is  banum-siabilizcd  Ca,SiOa.  b  is  Na,P.O,subilized 
Ca,SiO,.  and  c  is  strontium-stabilized  Ca^SiO. 


with  EDS  Model  TN-5500,  Tracor  Northern  Co. ,  Middletown, 
Wl)  to  study  the  crystal  structures,  microstructures,  and  micro- 
chemistry.  Ion-thinned  foils  (Model  600  dual  ion  miller,  Gatan, 
Inc. ,  Pleasanton,  CA)  were  prepared  from  all  specimens  for 
TEM  observation. 


III.  Results 


(J)  Overview 

Of  the  five  polymorphs  of  Ca2Si04,  a i,  P,  and  y  were  studied 
by  TEM.  The  two  types  of  superlattice  for  a[  were  both  present: 

(1)  the  x  2a, 26-type  in  composites  of  Ca2Si04/CaZiO3  and  (ii) 
the  x  3e-type  in  Ba2Si04-doped  Ca2Si04  samples.  Twinned  P 
grains  were  found  throughout  the  samples,  but  all  showed  a 
superlattice  structure  that  was  not  previously  reported.  Trans¬ 
formed  y  grains  retained  in  single-phase  Ca2Si04  samples 
showed  the  known  y  crystal  structure.  Interfaces  of  a^/p, 
untwinned-p/twinned-p,  and  p/y  phases  were  identified  and 
studied  to  establish  lattice  correspondences. 

Untwinned,  euhedral  a[  grains  were  found  in  Ba2Si04-doped 
samples.  In  single-phase  Ca2Si04,  twinned  P  grains  were 
mostly  euhedral,  but  their  grain  boundaries  were  highly 
strained.  Most  p  grains  showed  {100}  twinning,  but  some 
clearly  showed  {001}  twinning.  Two  twinned  domains  coex¬ 
isted  in  some  P  grains.  Microcracks  tended  to  develop  along 
grain  boundaries  as  the  grain  size  increased  at  longer  sintering 
times,  p  grains  in  composites  sintered  in  the  a  region  were  also 
twinned.  They  were  more  elongated  and  strained  as  compared 
to  those  in  the  single-phase  Ca2Si04.  High  concentrations  of 
defects  and  numerous  microcracks  were  observed.  In  addition, 
symmetry-related  domain  structures  of  P  grains  were  often 
observed.  Large  cracks  were  frequently  present  around  the 
transformed  y  grains.  Whereas  P  grains  were  mostly  twinned, 
y  grains  were  untwinned  and  strain-free,  but  the  latter  usually 
contained  some  planar  defects. 

(2)  Crystallography 

(A)  a  [Phase:  Remnants  of  the  untwinned  phase  sur¬ 
rounded  by  the  twinned  P  domains  were  occasionally  observed 
in  composites  of  Ca2Si04/CaZr03.  Figure  2  illustrates  one  of 
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Fig.  1.  Schematic  diagram  of  the  geometries  and  lattice  correspon¬ 
dences  for  the  five  Ca2Si04  polymorphs,  including  the  metastable 
P  phase. 


these  microstructures.  The  [001  ]„■  SADP  indicated  the  pres¬ 
ence  of  the  x2n, 26-type  superlattice  of  a[.  Doubling  of  the 
{ 1 00}  and  {0 1 0}  planes  was  evident  by  comparison  with  the  cor¬ 
responding  [010]p  SADP.  By  tilting  the  specimen  along  the  6 
axis  of  a[,  only  a  doubling  of  the  {100}  planes  was  detected. 
This  was  clearly  displayed  in  the  [014]„-  SADP  compared  to  the 
corresponding  [021  ]p  SADP.  The  surrounding  p  domains  were 
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Fig.  3.  Uniwinnod  euheJrul  «'  grains  ami  the  S AIM's  of  the 
•  3, --type  a,’  superlaltiee:  1 100).  1 1 20].  and  |00l  |  tl'rom  a  Ra-SiO,- 
di'ped  (5  molr« I  Ca.SiO,  sample  sintered  at  1300 "C  for  3  h>. 
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Fig.  2.  Interfaecs  between  the  unmanned  a,‘  and  the  twinned 
(1  ilomains  and  the  corresponding  SAIMN:  [001],  vs  |OIO|l(  and 
1 1 1 1 4 1.  \s  |02l|,  tlrom  a  Ca.SiO,  Cu/.rtt,  composite  sintered  at 
lotto  ('  lor  2  hi 


symmetrically  related  by  a  120  rotation.  These  domain  micro- 
struetures  are  explained  in  the  next  section. 

SADI’s  from  untwinned  a,”  grains  of  a  Ba.SiO, -doped  speci¬ 
men  showed  another  type  of  superlaltiee  reflections.  In  Fig.  3. 
the  |  HHi|„  SADI’  clearly  displayed  a  tripling  of  the  {001 } 
planes,  that  is.  the  ■  3i  -type  «*,'  superlattice.  These  superlaltiee 
reflections  were  shown  whenever  the  {001!.,  planes  were  in  the 
reflecting  condition,  such  as  in  the  |I20|„  .  The  |00l  |  ,  SADI’ 
indicated  the  absence  of  the  >.  2«.2/>-lype  superlaltiee  in  this 
specimen. 

lit i  (3  Pliast ■:  The  superlattice  structure  of  (3  phase  was 
totally  unexpected,  not  only  because  it  had  not  been  reported 
before,  but  also  because  the  |3  phase  had  been  most  extensively 
studied  in  the  Ca.SiO,  system.  |3  grains  from  all  the  available 
samples  observed,  however,  showed  superlaltiee  reflections.  In 
contrast  to  the  superlaltiee  reflections  of  — which  were  evi¬ 
dent  in  SADI’s  of  the  principal  /one  axes,  such  as  |0O|  |  ,  or 
1 100| . — those  of  |3  did  not  appear  in  SADI’s  of  the  principal 
/one  axes,  such  as  1 |00|„.  |0lt>|,,.  or  |(M)|  |.,.  However,  when 
the  specimens  were  tilted  to  intersect  either  the  { M>?!„  or  j  103},, 
planes,  such  as  the  |3II|„  or  (3 1 1 1,.  orientations,  superlaltiee 
reflections  were  visible  at  the  I  3  positions  along  the  !I03};,  or 
{ I03|;.  directions,  f  igure  4  displays  the  six  major  orientations 
show  mg  these  xupcrlallicc  reflections. 

I (‘l  y  Phase:  Solid  samples  of  y  phase  were  normally  not 
re'ainable  because  of  the  shattering  effect  of  the  large  volume 
increase  accompanying  the  (3  transformation.  However,  a 
lew  nanslormed  y  grains  were  retained  among  the  (3  grains  in 
■  .nnr  s m phase  <  ,i  Sid  samples  The  S  ADI’s  fiom  the  v 
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Fig.  5.  Interface  between  the  3  phase  and  the  transformed  y  phase 
and  the  corresponding  SADPs  in  two  different  orientations:  [001  ji;  vs 
|()lt)|,  and  (01 1  ]„  vs  ((111],. 


grains  were  consistent  with  the  reported  structure  and  the  XRD 
results.  Occasionally,  the  transformed  y  phase  and  the  untrans- 
ferred  p  phase  coexisted  in  a  single  grain,  as  shown  in  Fig.  5. 
The  SADPs  front  these  two  parts  showed  the  orientation  rela¬ 
tionship  between  the  two  phases  to  be  [001  J„||[0I0],.  The 
[Oil  ] .  SADP  obtained  by  tilting  the  same  grain  closely  resem¬ 
bled  the  [01 1  ],  SADI*,  except  for  the  additional  {lOO^-typc 
twinned  rellections. 

<D)  Interfaces  anti  Lattice  Correspondences:  The  inter¬ 
faces  between  (  x  2a, 2h)  and  p  were  sharp  and  straight,  as 
shown  in  Fig.  2.  and  not  noticeably  strained  or  cracked.  The 
following  relationship  was  observed: 

[(HU  [  JlfOlO],  such  that  (020l„J|((Xl!!)(1  and  CMOlJICOO),, 
As  a  result,  a  possible  lattice  correspondence  could  be 
\!l  "  <•„.  and 

which  agreed  with  previous  single-crystal  X-ray  precession 
work.’" 

The  interfaces  between  P  and  y  were  also  sharp  but  always 
showed  some  microcracks.  The  interlace  show  n  in  Fig,  5  has 
the  following  relationship: 

|U0l  IJOIOl,  such  that  |0I0»(1|||»I02),  and  ( lOOgiCOO), 
This  result  gave  rise  to  a  possible  lattice  correspondence: 

<!!«,.  Ml  i ,.  and  .  J/t, 


Fig.  6.  Interface  between  the  untwinned  Ji_nhase  and  the  (001 )- 
twinned  3  phase.  Corresponding  [210]  and  [31  I  ]  SADPs  an?  shown. 


which  also  agreed  with  previous  single-crystal  X-ray  preces¬ 
sion  work. 5,1 

The  untwinned  P  phase  h  id  not  been  previously  reported. 
However,  several  P  grains  containing  an  i  ntwinned  portion  and 
a  twinned  portion  were  observed  in  thi  udy.  Figure  6  illus¬ 
trates  one  such  grain,  in  which  both  port  as  had  similar  orien¬ 
tations.  As  shown  in  the  [2T0]W  SADP.  the  twinned  portion 
typically  had  the  [001  }-typc  twinning  instead  of  the  more  popu¬ 
lar  { l00}-type  twinning.  The  [3TT]„  SADPs  from  both  portions 
also  showed  the  previously  mentioned  superlatticc  reflections. 

(3)  Microstructures 

(A)  a,'  Phase:  The  cuhedral  grains  observed  in 
5-mol^-Ba.SiOj-dopcd  samples  (sintered  at  IJ00T  for  3  hi 
were  not  twinned.  Grain  boundaries  were  well-defined  and 
strain-free  (Fig.  3).  No  apparent  grain-boundary  phases  were 
noticed.  EDS  analyses  showed  barium  peaks  within  grains, 
indicating  that  barium  was  in  solid  solution. 

(fi)  P  Phase:  In  single-phase  Ca,Si04,  almost  all  cube* 
dral  p  grains  were  twinned,  and  their  grain  boundaries  were 
highly  strained  (Fig.  7(A)).  Grain  growth  on  longer  sintering 
times  gave  rise  to  a  development  of  microcracks  along  the  grain 
boundaries  (Fig.  7(B)).  Both  twin  types,  {100}  and  {001},  were 
observed,  but  the  { l(X)}-tvpe  was  observed  more  frequently. 

To  study  the  relative  populations  of  the  two  mam  twin  types 
occurring ’in  p.  MX)  grains  were  randomly  chosen  from  various 
samples  and  examined  by  TF.M,  Grain  'i/es  ami  average  twin 
widths  were  also  measured  ami  correlated.  The  results  showed 
that  87  grains  were  [100}  twinned,  and  13  grains  were  {tXi|| 
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Fig.  7.  Twinned  euhedr.il  (J  grains  show  ing  strains  and  microcracks  along  grain  boundaries  (from  single-phase  Ca  SiO.  samples  sintered  at  14(H)'  C 
lor  (A)  1  and  (H)  3  h) 


tw  inned.  The  tw  in  w  idths  correlated  positively  with  the  grain 
st/cs.  l  or  the  same  grain  size,  the  twin  w  idth  of  the  {001  J-lype 
was  generally  a  little  larger  than  that  of  the  { l(K)}-type  (Fig.  S). 

Several  grains  from  the  pure  Ca:Si04.  which  experienced 
the  u,'  transformation,  showed  domain  structures  of  the  two 
twin  types.  Figure  l>  show  s  a  single  grain  composed  of  the  two 
twin  types  that  had  the  same  f 010]  orientation.  Twin  lamellae  at 
the  interface  terminated  in  wedges. 

Samples  from  the  composites  that  experienced  the  « 
transformation  displayed  another  type  of  domain  structure  of 
tw  inned  (V  Figure  10  show  s  a  typical  domain  structure  where 
three  domains  had  the  same  [010  J  orientation  but  were  related 
to  one  another  by  120  rotations.  Fach  domain  was  { 100}- 
twinned  and  its  twin  lamellae  were  matched  with  the  lamellae 
o!  the  adjacent  domains.  The  domain  boundaries,  however, 
were  rather  curved. 

Ftihedral  ji  grains  in  single-phase  Ca.-SiO.  were  internally 
strained  and  sometimes  showed  streaking  in  the  SADI’s  In 
composites,  tw  inned  (3  grains  were  more  elongated  and  more 
internally  strained.  Figure  I  I  displays  the  internal  strain  of  a  (3 
grain  in  one  such  composite  that  gave  rise  to  two-directional 
streaking  in  the  [0I0|  SADI'  both  parallel  and  perpendicular  to 
{20()}  + .  Because  of  this  internal  strain,  the  grains  were  so  unsta¬ 
ble  under  the  electron  beam  that  amorphous  ring  patterns  were 
rapidly  produced  le  g..  Fig.  10).  Whereas  the  Ca.SiO,  MgO 
composites  contained  a  highci  concentration  of  defects,  such  as 
dislocations  with  (5  grains,  the  Ca.SiO,  CaZrO,  composites 
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contained  numerous  microcracks.  both  w  ithin  and  around 
[3  grains  (Fig.  12). 

<(')  y  Phase:  Frequently,  y  grains  in  single-phase 
Ca.Si04  were  surrounded  by  large  microcracks  because  of  the 
large  volume  increase  of  the  (3  *y  transformation  (Fig  13). 
Twinning  in  (J  grains  disappeared  during  this  transformation 
y  grains  usually  showed  a  clear  appearance  without  strain  con¬ 
trast  and  produced  sharp  SADI’s.  However,  the  y  grains  con¬ 
tained  some  planar  defects.  These  planar  defects  were  possibly 
related  to  the  previous  twins  in  the  {3  structure.  Figure  14(A) 
shows  apparent  similarity  between  tw  in  planes  of  the  utilrans- 
foritied  {3  part  and  a  planar  defect  of  the  transformed  y  part  in  a 
single  grain.  Figure  14(B)  also  indicates  that  twin  lamellae  in 
one  grain  tended  to  match  across  the  neighboring  grains 
(arrowed)  The  complex  shapes  and  fringe  patterns  of  planar 
defects  in  Fig.  14(C)  suggested  that  the  nature  of  the  defect  was 
related  to  faults  formed  by  the  detw  inning  process  during  (he 
|3  •*¥  transformation. 


IN'.  Discussion 


II )  ( 'rystallof’rapliy 

lAl  vt,' Phase:  l  liis  study  has  shown  that  two  superlattices 
ol  a,’  are  present  independently.  This  is  contrary  to  the  previous 
suggestion  that  the  liigh-tcinperalure  X-ray  diflractogranis  of 
<«,’  could  be  indexed  in  two  ways.  i.e..  based  either  on  the 
f  2u.2/>-type  cell  or  on  the  «  3i  -ty  pe  cell."  1  Calcium  displace¬ 
ments  have  been  suggested  to  be  a  possible  origin  for  the 
>'  2u.2/j-type  superlattice.'  The  •'  3<  -type  superlattice  in  <«,’  has 
been  attributed  to  tilting  or  rotation  of  Si().  tetrahedra  ‘  It  is  still 
uncertain  as  to  whether  there  is  any  relationship  between  these 
superlattice  types  and  their  chemistry  However,  this  study  and 
previous  reports  show  sonic  tendency  for  the 
"  2<i.2/i-tvpc  in  purer  Ca.SiO,  and  lor  the  >  .V-tvpe  in  doped 
Ca.SiO,.  ' 

ill)  |3  Phase:  A  tripling  ot  both  {103}  and  {103}  planes  in 
j3  could  have  originated  from  the  tripling  of  the  a  axis  Figure 
1 5(  A )  shows  this  geometrical  relationship  Since  the  o,  -|3 
transformation  involved  the  interchange  of  h  and  e  axes,  the 
superlattice  structure  occurring  in  (3  was  not  the  same  type  as 
that  occurring  in  <*,’  Considering  that  till  of  the  solid  samples 
studied  should  have  experienced  the  «,'  *|3  transformation,  this 
superlatticc  may  have  originated  from  another  unreported  tv  pc 
of  supcrlattiee  in  o i.e..  the  ■  '(/-type  Alternatively,  it  could 
have  formed  during  the  a,’  *|3  transformation 


Fig.  9.  Two  twin  domains  of  ihe  p  grains  and  SADPs  from  (A)  ( l(X))-twinned  domain.  (B)  (001  (-twinned  domain,  and  (C)  interface  (from  a  single- 
phase  Ca.SiOj  sample  sintered  at  I400°C  for  12  h). 


The  (010)  projection  of  the  P  structure  in  Fig.  15(B)  dis¬ 
played  {103}  and  {103}  planes,  which  may  have  been  responsi¬ 
ble  for  the  superlattice  reflections.  In  fact,  both  planes  were 
closely  related  to  the  arrangements  of  silicon  in  Si04  tetrahedra 
and  adjacent  calcium.  Being  analogous  to  the  x3c-type  of  a,', 
systematic  lilting  of  Si04  tetrahedra  along  the  direction  perpen¬ 
dicular  to  {103}  or  {103}  planes  may  have  been  an  origin  of  this 
threefold  modulation.  The  lack  of  superlattice  reflections  along 
the  a*  direction  was  possibly  related  to  the  predominant  {100} 
tw  inning  or  to  systematic  absences. 


(C)  y  Phase:  The  crystal  structure  of  y  was  well  estab¬ 
lished.  The  diffraction  data  obtained  from  the  y  phase  corre¬ 
spond  well  to  previous  reports.  No  superlattice  reflections  were 
observed  in  -y-Ca^SiOj. 

(2)  Microstructures 

(A)  Intergranular  Strains  in  P:  The  intergranular  strains 
observed  in  single-phase  P-Ca;Si04  could  be  attributed  to  an 
anisotropic  and  large  thermal  expansion.  From  the  lattice 
parameter  data'  given  in  Table  I,  the  calculated  thermal  expan¬ 
sion  coefficients  of  the  P-Ca:Si04  are 


Fig.  10.  Three  domains  related  by  120  rotation  along  the  I’  axis  of  fi  (from  a  C'a.SiO,  MgO  composite  sintered  at  1000  V  lor  3  h) 
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C'a  SiOj  samples  Note  the  resemblance  between  the  defect  in  trans¬ 
formed  y  part  and  twin  planes  of  the  untransformed  (3  part  ( If)  Twin  Kij^  15.  (A)  Geometrical  explanation  show  ing  that  the  tripling  of 

lamellae  in  one  grain  tend  to  match  those  of  the  neighboring  grain  ( 103)  and  ( 103)  planes  may  be  d"  to  the  tripling  of  a  axis  of  the  (3  lat- 

f  arrows).  ((')  A  magnified  image  of  planar  defect  in  1 1!)  showing  com-  tice  (13)  (010)  projection  of  th  net  lire  showing  {103}  planes  that 

plicated  fringe  pattern  may  be  responsible  for  the  huh  in  the  structure 
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Fig.  16.  Schematic  drawing  of  possible  domains  formed  during  the 
a— P  transformation:  (A)  a-*a^  transformation  and  (B)  oil^P 
transformation. 
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foraL-^P  by  [ba  ]  shearing 


(C)  Twinning  in  P:  The  twins  observed  in  p  grains 
belonged  to  the  type  of  “twinning  by  reticular  pseudo- 
merohedry."2''  The  predominent  population  of  {100}  twins  over 
{001}  twins  in  p  grains  was  related  to  (i)  shearing  during  the 
a{-»P  (orthorhombic-*monoclinic)  transformation  and  (ii)  for¬ 
mation  of  twins  after  the  shearing.  The  shear-strain  components 
(e,,  =  £,|)  for  the  a^P  transformation  indicated  that  the  [a„  } 
shearing  mechanism  was  slightly  lower  energy  than  the  [/?„ ) 
shearing  mechanism.  To  release  the  strains,  twin  formation 
would  be  energetically  favorable.  As  shown  in  Fig.  16(B), 
{00l}p  twinning  would  be  a  natural  consequence  of  the  (aQ  ] 
shearing,  whereas  the  (£»„■]  shearing  would  lead  to  { 1 00}B  twin¬ 
ning.  The  coexistence  of  the  untwinned  and  the  twinned  part 
(mainly  {00l}-type)  in  P  grains  (Fig.  6)  supported  this  sequen¬ 
tial  development  of  twinned  structures.  It  also  suggested  that 
the  formation  of  the  {001  }B  twin  was  energetically  more  difficult 
compared  with  that  of  the  { 100}B  twin.  A  wider  twin  width  of 
the  {001  }B  twin  for  the  same  grain  size  (Fig.  8)  suggested  that 
the  twin  boundary  energy  of  the  {00 1  }B  twin  was  higher  than 
that  of  the  {I00}B  twin.*’ 


(3)  Phase  Transformations 

(A )  Molar  Volume  Changes :  Ca,Si04  experienced  con¬ 
siderable  volume  changes  throughout  the  phase  transforma¬ 
tions.  Referring  to  the  lattice  parameter  data*  in  Table  I  and  to 


some  extrapolations  to  account  for  thermal  expansions,  a  vol¬ 
ume  shrinkage  of  —4.4%  was  estimated  for  the  a—a^  transfor¬ 
mation  (at  —  1425°C).  In  the  a'  region,  the  volume  change  was 
small  and  steady,  involving  a  —3.3%  shrinkage  from  1425°  to 
650°C.  The  a^P  transformation  (at  —  650°C)  was  accompa¬ 
nied  by  a  small  volume  shrinkage  of  0.4%.  If  the  P  phase  was 
to  be  retained  down  to  room  temperature,  it  would  experience  a 
significant  amount  of  volume  shrinkage  (—3.1%).  Therefore, 
the  total  volume  decrease  from  a  (at  I425°C)  to  P  (at  room  tem¬ 
perature)  was  estimated  to  be  as  much  as  —  1 1 .2%,  which  was 
unusually  large  for  ceramic  materials.  In  some  sense,  then,  the 
large  volume  increase  of  — 12.3%  during  the  p-*y  transforma¬ 
tion  at  room  temperature  could  be  a  recovery  process  for  the 
volume  shrinkages  accumulated  on  cooling  from  the  a  phase  at 
1425°C. 

( B )  Symmetry  Changes  and  Ferroelastic  Transfor¬ 
mations'.  From  a  symmetry  point  of  view,”  a  ferroic  transfor¬ 
mation  requires  a  group-sub  -roup  symmetry  relationship 
between  the  parent  phase  a  product  phase.  In  addition, 

there  should  be  a  change  i  i  system  between  the  two 

phases  to  satisfy  the  criteria  s  roelastic  transformation. 

Even  though  no  direct  studies  of  the  a  structure  have  been 
made  to  date,  it  is  possible  to  deduce  the  symmetry  of  a  from 
the  data  obtained  in  this  study.  Combining  the  established  ;  m- 
metry  of  P  (P2fn\  point  group  2/m)  with  the  observed  symme¬ 
try-related  domain  structures  (threefold  rotations  along  the  b 
axis  of  P),  a  possible  symmetry  element  along  the  c  axis  of  a 
may  be  6/m.  Since  twin-related  domain  structures  in  P  may  be  a 
result  of  the  loss  of  previous  mirror  p.  nes  ({ 100}  and  {001} 
planes)  during  the  a^p  transformation,  the  point  group  of  the 
oi'-type  structure  {ai  or  a„,  or  both)  is  assumed  to  be  mmm.  In 
this  case,  a  probable  symmetry  for  the  a  phase  may  be  6 1  mmm 
as  a  point  group  and  P6,/mmc  as  a  space  group.  Actually,  the 
most  reliable  structural  studies  of  A:BX4-type  compounds 
shows  a  space  group  of  P6,/mmr.  This  includes  K:S04 and 
Na,S04,"  which  are  believed  to  be  isostructural  with 
a-Ca:Si04.  Space  group  Pbf/mmc  is  the  highest  possible  sym¬ 
metry  (prototype)  for  A,BX4  polymorphs.  This  requires  orien¬ 
tational  disorder  of  the  BX4  tetrahedra  along  the  c  axis,  which 
results  in  an  additional  mirror  plane  perpendicular  to  the  axis. 

If  the  a  phase  of  Ca,Si04  has  a  point  symmetry  of  6 Immm 
(hexagonal)  and  the  a,}  phase  has  a  point  symmetry  of  mmm 
(orthorhombic),  the  transformation  can  be  classified  as 
ferroelastic,  belonging  to  an  Aizu  species14  6/mmmFmmm.  In 
the  case  of  K:S04  and  K,Se04,  this  ferroelastic  transformation 
has  been  directly  proved  to  exist  by  movement  of  domain 
boundaries  under  an  external  stress. "  A  measure  of  ferroelas- 
ticity  is  usually  expressed  in  terms  of  spontaneous  strain  (e,). 
Utilizing  formulas  given  by  Aizu. *’  the  spontaneous  strain  gen¬ 
erated  by  the  a-*a,',  (pseudoorthorhombic-*orthorhombic) 
transformation  could  be  approximated  as 
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Following  this  equation,  es  =  0.046.  which  is  quite  a  large 
value. 

If  the  aB-*a{  transformation  were  a  disorder-order  transfor¬ 
mation  without  change  of  symmetry,  the  a,}-^  (orthorhombic 
(mmm)-*monoclinic  (2/m))  transformation  would  also  be  ferro- 
elastii'.  belonging  to  an  Aizu  species'4  mtmn¥2/m.  es  for 
mmm,  m  is  simply  expressed  as 

Es  =  sfi  |e„| 

Then,  es  =  0.044.  which  is  again  quite  a  large  value.  The  fer¬ 
roelastic  nature  of  the  a'-»3  transformation  has  also  been 
reported  for  Sr,Si04,  with  es  =  0.033. 17  Shift  of  domain  walls 
caused  by  a  lateral  stress  has  been  observed  in  twinned 
P-Sr,Si04  crystals. 

(C)  Crystal  Structure  Changes:  From  a  crystal  structural 
point  of  view,  the  Ca:Si04  structure  is  remarkably  flexible  to 
endure  the  large  strains  produced  by  the  phase  transformations. 
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(C) 


Fig.  17.  Schematic  projection  of  (A)  a  structure  (from  K.SOJ.  (B)  a'  structure  (from  K:S04),  (C)  3  structure  of  Ca,Si04.  and  (D)  7-structure  of 
Ca.SiOj.  Cation  (Ca2  ’ )  arrangements  are  emphasized.  (After  O’Keeffe  and  Hyde."1) 


One  possible  reason  for  this  flexibility  is  that  the  structure  is  an 
inhomogeneous  mixture  of  relatively  large,  but  loosely-bonded 
CaO,  polyhedra  and  small,  but  rigid,  Si04  tetrahedra.  Further¬ 
more,  in  this  orthosilicate,  the  Si04  tetrahedra  are  not  linked  to 
one  another  and  can  easily  be  moved. 

Figure  1 7  displays  essential  features  of  the  sequence  of 
Ca2Si04  crystal  structures  in  terms  of  the  cation  arrange¬ 
ments,31  ■’*  rather  than  the  conventional  view  of  an  oxygen 
framework  stuffed  with  cations.  All  the  polymorphs  of  Ca2Si04 
have  similar  arrangements  based  on  the  Ca.Si  alloy  structure.1* 
They  consist  of  regular,  edge-linked  trigonal  prisms  of  calcium 
atoms  with  Si04  tetrahedra  in  the  center.  Although  edge-linked 
calcium  prisms  have  a  linear  arrangement  in  the  a  and  7  struc¬ 
tures,  they  have  a  kinked  arrangement  in  the  a'  and  3  struc¬ 
tures.  During  the  a-»a'  transformation,  collapse  of  the  CaO, 
polyhedra  results  in  kinking  of  the  calcium-prism  arrangements 
and  movement  of  Si04  tetrahedra  to  new  positions.  Subsequent 
tilting  of  the  Si04  tetrahedra  is  a  major  change  in  the  structure 


during  the  ot'-*P  transformation.  The  kinked  arrangement  of 
the  calcium  prisms  is  straightened  by  the  p~*y  transformation. 

From  structural  refinement  data  of  Ca:Si04,  the  cation-anion 
bond  lengths  and  the  nearest  cation-cation  bond  distances  have 
been  calculated  (Table  II).  Note  that,  while  there  are  minor  w 

changes  of  Si-O  bond  lengths  throughout  the  transformations, 
the  changes  of  Ca-O  bond  lengths  are  significant.  On  cooling, 
the  CaO,  polyhedra  rapidly  collapse  because  of  the  diminishing 
of  the  effective  calcium  vibration.  The  neighboring  Si04  tetra¬ 
hedra  adjust  their  positions  with  respect  to  the  CaO,. 

Comparison  of  the  nearest  bond  distances  between  cations 
shows  that  the  p  structure  has  the  shortest  bond  distances  for  £ 

both  Ca-Ca  and  Si-Ca.  Referring  to  ambient  pressure  data  for 
nonbonded  radii  of  silicon  and  calcium, w  the  ideal  Ca-Ca  dis¬ 
tance  is  ~3.40  A  and  the  ideal  Si-Ca  distance  is  ~3.23  A  (1  A 
=  10' 1  nm).  This  means  that  the  shortest  Si-Ca  bond  distance 
in  P  (~2.97  A)  is  too  short  to  maintain  the  stability  of  the  struc¬ 
ture  at  ambient  pressure.  As  a  consequence,  strong  repulsive 


Table  II.  Average  Bond  Lengths  of  Si-O  and  Ca-O  and  the  Shortest  Bond  Distances  between  Silicon  and 

Calcium  Atoms  for  Ca2Si04  Polymorphs 


Polymorph 

Bond  length  (A)* 

Si-O 

c*-o 

Ca-Ca 

Si-Ca 

Si-Si 

Reference 

a 

1 .8 1  (?)* 

2.7(X?)’ 

3.49 

3.12 

4.81 

6 

ai 

1.63 

2.63 

3.48 

3.13 

4.39 

11 

P 

1.63 

2.50 

3.43 

2.97 

4.11 

13 

y 

1.64 

2.38 

3.39 

3.67 

4.09 

16 

=-  10  1  nm'Bccausc  of  (he  uncertainly  of  one  oxygen  fxtticion  <CX2)|.  ihesodaumay  havt  significant  errors 


Fig.  18.  Conventional  projections  of  Ca.SiO/  (A)  a  structure,  (B)  a'  structure,  (C)  (3  structure,  and  (D)  -y  structure. 
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Fig.  19.  p-T diagram  of  Ca.SiO,  determined  by  DTA,  X-ray,  and 
optical  measurements.  Metastable  form  is  designated  in  square  brack¬ 
ets.  (After  Hanic  et  al.M) 


forces  are  expected  to  be  developed  in  the  p  structure.  The 
modulated  structures  observed  in  both  a'  and  p  may  be  related 
to  some  effective  ways  of  calcium  and  Si04  arrangements  to 
relieve  such  electrostatic  repulsions  between  them. 

Conventional  projections  of  the  Ca2Si04  polymorphs  in 
Fig.  18  illustrate  that  all  of  the  a,  a',  and  p  structures  show 
close  association  of  silicon  atoms  in  Si04  tetrahedra  with  adja¬ 
cent  calcium  atoms.  However,  in  the  -y  structure,  the  silicon  and 
calcium  atoms  are  no  longer  closely  associated  because  of  large 
displacements  of  both  the  SiOt  and  calcium  by  the  p-»-y  trans¬ 
formation.  The  displacements  are  not  a  simple  shuffling  move¬ 
ment  of  atoms,  but  involve  a  considerable  amount  of  Si04 
rotation.  All  major  movements  occur  along  the  b  axis  of  the  y 
structure.  Compared  with  the  a  structure  in  a  different  projec¬ 
tion  (Figs.  1 7  (A)  and  (D)),  the  -y  structure  has  silicon  in  a  more 
balanced  but  distant  position  with  respect  to  calcium.  In  other 
respects,  the  major  configurations  of  both  structures  are  very 
similar. 

(D)  Stability  of  P  Structure  and  P~*-y  Transfor¬ 
mation:  From  the  crystal  structure  point  of  view  discussed  in 
the  previous  section,  the  p  structure  is  expected  to  be  unstable 
at  ambient  pressure  because  of  the  cation  charge  repulsions.  As 
shown  in  Fig.  19,  however,  this  structure  has  been  reported  to 
be  more  stable  than  both  the  *y  structure  and  the  a[  structure  at 
very  high  pressures.40  For  example,  at  675°C,  which  is  sug¬ 
gested  to  be  the  transformation  temperature  of  a^P,  the  p 
structure  may  be  more  stable  than  the  y  structure  only  above  1 
GPa.  In  this  case,  it  is  difficult  to  understand  why  the  P  phase 
always  intervenes  between  a[  and  y  on  cooling  at  ambient  pres¬ 
sure.  This  observation  implies  that  the  structure  should  be  in  a 
highly  stressed  condition  on  cooling.  One  possible  reason  may 
be  the  influence  of  the  spontaneous  strain  generated  during  the 
ferroelastic  a^P  transformation.  That  is,  the  p  structure  is 
more  suitable  for  accommodating  the  strain  than  the  y  structure 
for  certain  temperature  ranges.  In  this  respect,  the  metastable  P 
structure  is  inherently  strained.  This  may  be  a  reason  why  all 
the  P  grains  observed  in  this  study  show  intragranular  strains. 

Since  the  a-*a„  transformation  also  appeared  to  be  ferroelas¬ 
tic,  the  P  grains  that  experienced  both  a->a„  and  a^P  trans¬ 
formations  should  have  a  higher  internal  strain  than  the  P  grains 
that  only  experienced  the  Ol-*P  transformation.  This  built-in 
strain  may  be  a  reason  why  (i)  solid  pellets  of  single-phase 
Ca2Si04,  which  were  sintered  above  the  a-*aH  transformation 
temperature,  could  not  be  retained  intact”  and  (ii)  p  grains  in 


composites  sintered  above  the  a—  a„  transformation  tempera¬ 
ture  showed  higher  intragranular  strains,  as  well  as  a  high  con¬ 
centration  of  defects  and  microcracks. 

These  large,  built-in  strains  in  the  p  structure  and  strong 
repulsive  forces  between  silicon  and  calcium  may  be  a  possible 
reason  why  the  (3-*y  transformation  can  occur  instantaneously, 
despite  the  fact  that  the  transformation  necessarily  involves  the 
breaking  of  some  oxygen  bonds  in  the  P  structure.  It  suggests  a 
reexamination  of  Buerger's  classification41  of  displacive  versus 
reconstructive  transformation  mechanisms.  The  higher  symme¬ 
try  and  larger  volume  of  the  transformed  y  phase  are,  therefore, 
probably  related  to  the  process  of  straightening  of  the  p  lattice 
to  release  strains  and  maximization  of  the  volume  to  reduce 
charge  repulsions. 


V.  Conclusion 

From  TEM  studies  of  the  Ca2Si04  system,  three  types  of 
superlattice  structures  were  observed:  (i)  x2zr,2£>-type  in  a^; 
(ii)  x3c-type  in  a[:  and  (iii)  x3a-type  in  p.  Almost  all 
P  grains  were  twinned  and  strained.  Microcracks  tended  to 
develop  along  grain  boundaries  as  the  grain  size  increased. 
Some  transformed  y  grains  coexisted  with  p  grains,  producing 
large  intergranular  microcracks,  y  grains  were  strain  free,  but 
detwinning-related  planar  defects  were  usually  present.  The 
{100}p  twinning  occurred  more  favorably  than  did  {00l}p  twin¬ 
ning.  Two  types  of  symmetry-related  domain  structures  were 
observed  in  (3  grains:  (i)  two  twin-related  domains  for  samples 
that  experienced  the  a^P  transformation  and  (ii)  three  120° 
rotation-related  domains  for  samples  that  experienced  the 
a-retH  transformation. 

Based  on  symmetry  considerations,  both  a->otH  and  a^P 
appeared  to  be  ferroelastic  transformations.  The  a^P  transfor¬ 
mation  could  be  achieved  by  shearing  along  the  aa  direction  or 
along  the  ba  direction  leading  to  {001}por  { 100}p  twinning, 
respectively.  The  p-Ca2Si04  structure  resulting  from  this 
sequence  of  ferroelastic  transformations  was  inherently 
strained.  This  strained  p  structure  was  not  stable  at  ambient 
pressure  because  of  the  strong  electrostatic  charge  repulsions 
between  silicon  and  calcium,  which  were  too  close  to  each 
other.  In  terms  of  the  crystal  structure,  the  major  driving  forces 
for  the  p-*7  transformation,  therefore,  are  considered  to  be  the 
release  of  strains  and  charge  repulsions  in  the  p  structure.  The 
higher  symmetry  and  larger  volume  of  the  transformed  y  phase 
are  probably  related  to  the  process  of  straightening  of  the  p  lat¬ 
tice  to  release  strains  and  maximizing  of  the  volume  to  reduce 
repulsions.  The  P~*7  tranformation  can  be  displacive  in  the 
sense  of  its  instantaneous  reaction,  but  needs  to  overcome  a 
comparatively  high  energy  barrier  due  to  the  breaking  of  some 
oxygen  bonds  in  the  p  structure. 
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Abstract 

A  process  has  been  developed  to  produce  high  surface 
area  Ca2SiOA  and  Sr2SiOA  powders  using  colloidal 
silica  for  the  silicon  precursor.  This  method  was 
relatively  straightforward  and  avoided  the  use  of 
precipitation  techniques  and  unstable  alkoxides. 
Calcium  carbonate  and  strontium  carbonate  were 
identified  as  intermediate  compounds,  and  the  silicates 
appeared  to  form  by  a  low-temperature  solid-state 
reaction.  The  effect  of  resin  content  and  calcination 
conditions  on  the  phase  distribution  and  physical 
properties  of  the  powders  was  examined.  Finally,  the 
sodium  content  of  the  colloidal  silica  was  found  to 
have  a  significant  effect  on  the  phase  stability  of 
fi-Ca2SiOA  after  calcination  at  1400°C. 

Es  wurde  ein  Verfahren  zur  Herstellung  von  Ca2SiOA- 
und  Sr2  Si04-Pulvern  mit  grofier  freier  Oberflache 
entwickelt.  Als  Silizium-haltiger  Prekursor  wurde 
Siliziumdioxid  verwendet.  Diese  verhaltnismafiig 
direkte  Methode  erspart  die  Amvendung  von  Aus- 
scheidungsteclmiken  und  nicht  stabiler  Alkoxide. 
Kalziumkarbonat  und  Strontiumkarbonat  konnten  als 
intermediare  Verbindungen  identifiziert  werden.  Die 
entsprechenden  Silikate  scheinen  sich  durch  eine 
Festphasenreaktion  bei  tiefen  Temperaturen  zu 
bilden.  Die  Auswirkungen  des  Anteils  an  Binder harz 
und  der  Kalzinierungsbedingungen  auf  die  Phasen- 
verteilung  und  die  pliysikalischen  Eigenschaften  der 
Pulver  wurden  genauer  untersucht.  Schliefilich  konnte 
gezeigt  werden,  dafl  der  Natrium-Gehalt  des  kolloiden 
Siliziumdioxids  einen  betrdchtlichen  Einflufi  auf 
die  Stabilitat  der  p-Ca2SiOA- Phase  nach  der  Kal- 
zinierung  bei  I400°C  ausiibt. 

Un  procede  a  ete  developpe  pour  synthetiser  des 
poudres  de  Ca2SiOA  et  Sr2SiOA  presentant  une 
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surface  specifique  elevee,  avec  de  la  silice  colloidale 
comme  precurseur  du  silicium.  Cette  methode  est 
relativement  directe  et  evite  les  techniques  de  precipit¬ 
ation  et  I'usage  d'alcoolates  instables.  Les  carbonates 
de  calcium  et  de  strontium  ont  ete  detectes  en  tant  que 
composes  transitoires  et  les  silicates  paraissent  se 
former  par  reaction  a  I’etat  solide  a  basse  temperature. 
Les  auteurs  rapportent  iinfluence  de  la  teneur  en 
resine  et  des  conditions  de  calcination  sur  la  distri¬ 
bution  de  phase  et  les  proprietes  physiques  des 
poudres.  Les  resultats  demontrent ,  enfin,  que  la 
stabilite  de  la  phase  fi-Ca2SiOA  apres  calcination  a 
1400°C  est  infiuencee  de  faqon  significative  par  la 
teneur  en  sodium  de  la  silice  colloidale. 


1  Introduction 

The  polymorphism  of  dicalcium  silicate  (Ca2Si04) 
has  been  well  studied1-2  because  of  the  considerable 
importance  of  this  compound  in  the  cement  and 
refractories  industries.  The  currently  accepted  se¬ 
quence  of  phase  transformations  is  illustrated  in 
Fig.  1.  In  most  cases  work  on  the  material  has  been 
directed  at  avoiding  the  disruptive  12vol.%  expan¬ 
sion  associated  with  the  P~*y  transformation, 
commonly  referred  to  as  ‘dusting’.  The  a'L-  and  /?- 
phases  are  also  important  hydraulic  phases  in 
Portland  cement,  but  the  y-phase  is  undesirable 
because  it  does  not  hydrate. 

Dicalcium  silicate  powders  have  usually  been 
fabricated  by  a  high-temperature  solid-state  reac¬ 
tion  between  CaO  and  Si02.  The  kinetics  of  this 
reaction  are  slow,  and  temperatures  of  1450°C  and 
above  are  commonly  used  to  drive  the  reaction  to 
completion.  The  resulting  powder  is  predominantly 
y-phase  after  cooling  to  room  temperature.  Reten¬ 
tion  of  the  high-temperature  polymorphs  is  achieved 
by  the  addition  of  stabilizing  additives  or 
impurities.3 

The  /?-phase  of  Ca2Si04  can  also  be  retained  after 
199t  Flsevier  Science  Publishers  T  td.  Fnelnnd.  Printed  in 
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Fig.  1.  The  polymorphism  of  Ca2Si04. 


low-temperature  heat  treatment  of  ‘/-powders,4  or 
by  chemical  preparation.5  Both  studies  have  linked 
the  retention  of  the  /?-phase  to  a  particle  size  effect  on 
the  /?  -* '/  transformation. 

The  chemical  preparation  route5  involved  either 
spray  reacting  or  direct  gelling  of  colloidal  silica  in 
the  presence  of  Ca(N03)2.  This  was  an  extension  of 
the  method  used  for  the  preparation  of  other 
silicates,  as  reviewed  by  Luth  &  Ingamells.6  These 
chemical  ...ethods  allowed  preparation  of  /?- 
Ca2Si04  powders  at  temperatures  as  low  as  750CC.5 
Powders  of  /?- Ca2Si04  have  also  been  prepared  by 
solid-state  reaction  of  CaC204  and  amorphous  Si02 
at  950  C  in  a  C02  atmosphere.7  The  advantage  of 
the  latter  method  is  that  no  corrosive  salts,  which 
produce  acidic  fumes  on  calcination,  are  used  in  the 
powder  production.  All  the  low-temperature 
methods  already  mentioned  produced  powders  with 
higher  surface  areas  than  those  produced  by  high- 
temperature  calcination.  Another  advantage  of  the 
low-temperature  routes  is  that  the  /?-phase  is 
retained  and  hence  the  powders  are  reactive  in  terms 
of  their  hydration  behavior.  Unfortunately,  the 
nature  of  the  chemical  reactions  that  formed 
Ca2Si04  has  not  been  studied  in  detail  and  the 
physical  properties,  including  the  particle  size,  have 
not  been  fully  reported,  even  though  they  are 
important  to  the  hydration  behavior. 

Dicalcium  silicate  has  recently  been  considered  as 
a  candidate  for  a  possible  alternative  transformation 
toughener  to  zirconia.8  This  was  based  on  the  large 
volume  change  (12  vol.%)  associated  with  the  /?->>• 
transformation.  The  desire  to  fabricate  dense, 
polycrystalline  Ca2Si04  in  order  to  study  the 


transformation  has  also  stimulated  research  into  the 
preparation  of  high  surface  area  Ca2Si04  powders. 

In  comparison,  Sr2Si04  has  been  less  well  studied. 
The  transformation  in  this  compound  is 

structurally  analogous  to  the  3^-*/?  transformation 
in  Ca2Si04,  but  the  transformation  occurs  at  90CC 
compared  to  675°C  for  pure  Ca2Si04.  This  makes  it 
easier  to  study  the  ferroelastic  x  -*  /?  type  transform¬ 
ation  in  Sr2Si04.910  Consequently,  fine  Sr2Si04 
powders  are  required  to  process  dense  polycry¬ 
stalline  Sr2Si04. 

In  this  study  a  quick  and  comparatively  easy 
method  is  reported  for  the  chemical  preparation  of 
Ca2Si04  and  Sr2Si04  powders.  The  method  has 
previously  been  used  to  prepare  Ca2Si04  powders 
for  incorporation  into  a  calcium  zirconate  (CaZr03) 
matrix.11  It  involves  a  ‘Pechini-type’  process  in 
which  one  of  the  constituents  is  colloidal.  The  effect 
of  resin  content  and  calcination  conditions  on  the 
physical  properties  of  the  powder  and  the  phase 
distribution  are  presented.  The  effect  of  the  sodium 
content  of  the  colloidal  silica  on  the  phase  distribu¬ 
tion  of  the  Ca2Si04  is  also  studied. 


2  Experimental  Procedures 

A  flow  diagram  detailing  the  preparation  method  is 
shown  in  Fig.  2.  The  resin  content  of  the  resulting  gel 
is  defined  as  follows: 

%  resin  content  =  100  WitsJ(Waxiac  +  IFfesin) 

where  IFoxj(Je  is  the  weight  of  the  oxide  after 
calcination,  calculated  from  the  known  weights  of 
the  precursors,  and  IFres)n  is  the  weight  of  resin 
added.  In  all  cases  the  resin  was  composed  of  60  wt% 
citric  acid  monohydrate  and  40  wt%  ethylene  glycol. 

Firstly,  the  calcium  and  strontium  precursors, 
which  were  Ca(N03)2 .4H20  and  Sr(N03)2  respec¬ 
tively,  were  assayed  and  stored  in  desiccators.  The 


Fig.  2.  Flow  diagram  showing  the  processing  route  for  both 
Ca,Si04  and  Sr,Si04  powders. 
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use  of  the  hydrated  nitrates,  which  can  have  variable 
moisture  contents,  did  not  affect  the  phase  distri¬ 
butions  obtained  in  the  final  powder.  The  required 
amount  of  the  nitrate  precursor  was  dissolved  in 
water  and  then  added  to  colloidal  silica.  In  order  to 
prevent  flocculation  of  the  silica,  the  pH  of  the 
colloidal  silica  was  adjusted  to  below  1*5  with  nitric 
acid  prior  to  the  addition  of  the  nitrates.  In  this 
study,  two  colloidal  silicas  with  different  sodium 
contents  were  used.  The  first,  which  was  designated 
Silica  1  (Ludox*  SM,  Du  Pont  Chemical  Company), 
contained  more  sodium  than  the  second,  which  was 
called  Silica  2  (Ludox"  AS-40,  Du  Pont  Chemical 
Company).  Silica  1  was  used  for  all  the  Sr2Si04  and 
Silica  2  was  used  for  most  of  the  Ca2Si04  prepar¬ 
ations.  After  the  nitrate  solutions  and  colloidal  silica 
had  been  mixed,  the  resin  was  added  and  the  mixture 
was  heated.  As  the  water  boiled  off,  the  gel  formed 
without  flocculation  of  the  colloidal  silica,  and  the 
viscosity  increased.  The  remaining  water  then 
evaporated,  expanding  the  gel  into  a  foam.  Finally 
the  foam  was  dried  and  crushed  before  calcination  at 
temperatures  in  the  range  200°C  to  1400°C. 

Some  of  the  crushed  Ca2Si04  gel  was  subjected  to 
differential  thermal  analysis  (DTA)  and  thermogra- 
vimetric  analysis  (TGA)  while  heating  at  5°C/min, 
the  same  heating  rate  used  for  calcination.  The  phase 
distributions  in  the  powders  were  evaluated  by  X-ray 
diffraction  (XRD).  This  was  after  calcination  for 
1  min  at  temperatures  in  the  range  200CC  to  800°C 
and  also  after  calcination  for  1  h  in  the  temperature 
range  800CC  and  1400CC. 

The  effects  of  resin  content  and  calcination 
conditions  on  the  specific  surface  area  and  the 
particle  size  of  the  powders  were  determined  by 
nitrogen  adsorption  (BET)  and  sedigraph  techni¬ 
ques  respectively.  Some  of  the  powders  were  also 
examined  by  SEM. 

Finally,  chemical  analysis  by  plasma  emission 
spectroscopy  was  performed  on  some  Ca2Si04 
powders  to  check  the  calcium  to  silicon  ratio,  which 
was  found  to  be  in  the  range  2  to  21. 

3  Results  and  Discussion 

3.1  Phase  development  on  calcination 

Figure  3(a)  shows  the  TGA  results  for  a  Ca2Si04  gel 
containing  85%  resin.  The  first  major  weight  loss 
took  place  just  above  250°C  and  could  be  correlated 
with  the  first  low  exothermic  peak  in  the  DTA  curve 
of  the  same  material,  shown  in  Fig.  3(b).  This  was 
thought  to  be  associated  with  the  decomposition  of 
the  gel.  The  other  major  weight  loss  occurred  at 
about  450CC  and  corresponded  to  a  large 
exothermic  DTA  peak  in  Fig.  3(b).  This  was  the  stage 
at  which  the  remainder  of  the  gel  decomposed  and 


Fig.  3.  (a)  TGA  and  (b)  DTA  of  a  Ca2Si04  gel  containing  85% 

resin. 

pyrolyzed.  Further  weight  loss  at  higher  tempera¬ 
tures  was  attributed  to  the  removal  of  carbon 
formed  during  the  pyrolysis.  The  thermal  decompo¬ 
sition  behavior  of  all  the  Ca2Si04  and  Sr2Si04  gels 
in  this  study  had  the  same  characteristics  as  already 
described. 

The  phase  distributions  for  the  Ca2Si04  gel 
containing  85%  resin  at  different  temperatures 
during  the  calcination  are  shown  in  Fig.  4(a).  Each 
sample  was  heated  at  5cC/min,  held  at  the  requisite 
temperature  for  1  min  and  cooled.  At  temperatures 
below  the  pyrolysis  stage  the  samples  were  X-ray 
amorphous,  but  after  the  pyrolysis  at  temperatures 
between  500CC  and  650°C,  the  crystalline  calcite 
phase  of  CaC03  could  clearly  be  identified.  As  the 
temperature  was  increased,  the  amount  of  calcite 
appeared  to  diminish  and  the  amount  of  Ca2Si04 
increased.  By  700°C  the  sample  was  single  phase  a|_- 
Ca2Si04.  When  the  calcination  temperatures  was 
increased  to  800°C,  the  presence  of  0-Ca2SiO4  was 
observed.  To  further  show  that  CaC03  was  an 
intermediate  compound,  a  sample  of  gel  was 
calcined  for  1  h  at  600°C  and  then  recalcined  at 
800°C.  As  can  be  seen  in  Fig.  4(b),  after  calcination  at 
600CC  the  only  observable  crystalline  phase  was 
CaC03,  whereas  after  a  second  calcination  at  800°C 
the  sample  was  single  phase  /?-Ca2Si04.  The  exact 
nature  of  the  reactions  by  which  the  CaC03  was 
removed  and  the  Ca2Si04  formed  was  unclear. 
Similar  behavior  was  observed  for  the  Sr2Si04  gels 
with  SrC03  being  positively  identified  as  an 
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Fig.  4.  (a)  X-Ray  diffraction  traces  showing  the  phase  distri¬ 
bution  in  a  Ca2Si04  gel  containing  85%  resin,  at  different 
temperatures  after  the  pyrolysis.  Each  sample  was  heated  to 
temperature  at  5  C/min  and  held  at  temperature  for  1  min.  (b)  A 
comparison  of  X-ray  diffraction  traces  of  a  Ca2Si04  gel 
containing  85%  resin,  after  calcination  at  600°C  for  1  h,  and  then 
after  further  calcination  at  800  C  for  I  h. 

intermediate  phase.  Carbonates,  specifically  BaC03, 
have  been  identified  during  calcination  of  chemically 
derived  powders  in  other  studies.1213  They  were 
intermediates  in  the  formation  of  BaTi03,  for 
example. 


The  phase  distributions  of  Ca2Si04  prepared  with 
Silica  2  and  calcined  at  high  temperature  are  shown 
in  Fig.  5(a).  From  800°C  to  1200°C  the  powders 
remained  single  phase  0-Ca2SiO4,  but  the  sample 
calcined  at  1400°C  showed  single  phase  y-Ca2Si04. 
This  could  be  attributed  to  enhanced  grain  growth  at 
higher  temperatures  which  decreased  the  stability  of 
the  /J-phase.  A  particle  size  effect  for  this  transform¬ 
ation  in  powders  has  been  reported  previously  4' 14  " 18 


(a) 


(b) 

Fig.  5.  X-Raydiffractiontracesor(a)Ca2Si04(containing85% 
resin)  and  (b)  Sr2Si04  (containing  90%  resin)  gels  calcined  for 
I  h  at  temperatures  in  the  range  800  C  to  1400  C. 
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Figure  5(b)  shows  the  development  of  the  phase 
distribution  for  Sr2Si04  prepared  with  Silica  1  and 
fired  in  the  temperature  range  800  C  to  1400°C.  The 
resin  content  was  90%.  At  800  C  the  powder  was 
single  phase  f  but  as  the  temperature  was  increased 
/(-phase  was  detected.  The  amount  of  /(-phase 
increased  with  temperature  until  after  14(XLC  the 
sample  was  almost  entirely  /(-phase. 

The  morphology  of  Sr2Si04  powder  calcined  at 
800  C  for  1  h  is  shown  in  Fig.  6(a).  The  agglomerates 
were  highly  porous  and  comprised  crystallites 
approximately  80  nm  in  size.  Calcination  at  higher 


Fig.  6.  SEM  micrographs  of  Sr, Si04  powder  derived  from  a  gel 
containing  90%  resin  calcined  atlal  800  C  for  1  h  (the  individual 
crystallites  have  sintered  together  into  highly  porous  agglome¬ 
rates),  and  (b)  1400  C  for  I  h  (the  agglomerates  have  fully 
sintered). 


temperatures  caused  the  agglomerates  to  densify 
and  the  crystallites  to  grow.  Figure  6(b)  shows 
powder  calcined  at  1400  C  in  which  the  agglome¬ 
rates  were  dense  and  the  grains  were  substantially 
larger  than  1  pm.  The  SEM  and  X-ray  diffraction 
results  indicate  a  particle  size  dependence  for  the 
*'-*/(  transformation  in  Sr2Si04. 

3.2  Effect  of  resin  content 

It  is  well  known  that  the  resin  content  can  have  an 
effect  on  the  physical  characteristics  of  powders 
produced  by  the  Pechini  process.19  Hence  the  effect 
of  resin  content  on  the  powders  was  investigated  in 
this  study.  Resin  contents  from  50%  to  93%  were 
investigated  and  found  to  have  no  effect  on  the  phase 
distribution  in  Ca2Si04  for  a  specific  calcination 
condition.  In  contrast,  the  resin  content  did  affect  the 
phase  distributions  in  the  Sr2Si04  powders.  Lower 
resin  contents  (50%  and  70%)  produced  significant 
amounts  of  SrC03  or  SrO  along  with  SrSiO,  after 
calcination  at  800  C  and  1000  C.  This  was  at¬ 
tributed  to  strontium  nitrate  observed  in  the  dried 
gels  by  X-ray  analysis. 

The  presence  of  Sr(N03)2  in  the  dried  gels  was 
attributed  to  incomplete  chelation  of  the  strontium 
ions  during  heating  of  the  mixture  and  consequent 
precipitation  of  the  nitrate.  However,  at  the  high 
resin  contents  required  to  obtain  high  surface  area, 
this  behavior  was  not  observed. 

Figure  7  shows  DTA  traces  for  Sr2Si04  gels  with 
different  resin  conten  .  It  can  be  seen  that  those 
gels  which  contained  crystalline  Sr(N03)2  (50%  and 
70%  resin)  clearly  exhibited  a  broad  endotherm  at 
approximately  650  C.  which  could  be  linked  to  the 
melting  and  decomposition  of  Sr(N03)2.  Such 
segregation  w  ould  be  a  source  of  chemical  inhomo- 


Temperature  (°C) 

Fig.  7.  DTA  of  Sr,Si04  gels  containing  different  resin  contents. 
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geneity  that  could  lead  to  the  formation  of  SrO 
during  calcination.  It  may  also  have  been  respon¬ 
sible  for  the  retention  of  the  SrC03  intermediate  at 
temperatures  above  700=C.  In  order  to  avoid 
reprecipitation  of  Sr(N03)2  in  the  gels  during  drying, 
resin  contents  of  90%  or  above  were  used  in  the 
preparation  of  Sr2Si04. 

The  physical  characteristics  of  the  powder  were 
also  affected  by  the  resin  content  of  the  gel.  Figure 
8(a)  shows  the  surface  area  of  Ca2Si04  powder  as  a 
function  of  calcination  temperature  for  different 
resin  contents.  Above  1000°C,  the  resin  content  did 
not  appear  to  have  any  significant  effects  on  the 
surface  areas  of  the  powders.  However,  at  lower 
temperatures  the  situation  was  very  different.  After 
calcination  at  800CC  the  85%  and  93%  resin 
contents  showed  the  highest  surface  areas 
(~17m2/'g),  while  the  gels  made  without  resin  by 
direct  casting  of  the  colloidal  silica  in  the  presence  of 
Ca(N03)2 . 4H20  had  the  lowest  surface  area 
(6m2/g).  This  increase  in  surface  area  with  resin 
content  was  attributed  to  the  extensive  internal 
porosity  seen  in  the  powders  made  using  high  resin 
contents  (Fig.  6(a)).  When  the  calcination  tempera¬ 
ture  was  increased,  sintering  and  grain  growth  of  the 
powder  agglomerates  reduced  the  internal  porosity 
(Fig.  6(b))  and  led  to  lower  specific  surface  areas. 


Resin  Content  {%) 

(b) 

Tig.  8.  (a)  Surface  areas  of  Ca2Si04  powders  containing 
different  resin  contents  and  calcined  in  the  temperature  range 
800  C  to  1400  C.  (A)  0%,  (O)  50%,  (□)  85%.  and  (O)  93% 
resin,  (b)  Effect  of  resin  content  on  the  surface  area  of  Sr2Si04 
powders  calcined  at  (□)  800  C  and  ( O )  IOOOC  for  one  hour. 


Figure  8(b)  displays  the  effect  of  resin  content  on  the 
surface  area  of  Sr2Si04  powders.  As  was  the  case 
with  Ca2Si04,  gels  with  higher  resin  contents 
produced  powders  with  higher  surface  areas.  This 
plot  clearly  showed  that  resin  contents  above  85% 
must  be  employed  to  produce  high  surface  area 
powders. 

The  particle  size  of  the  powders  was  also  affected 
by  resin  content.  The  results  of  different  resin 
contents  for  Sr2Si04  powders  calcined  at  800CC  are 
shown  in  Fig.  9(a).  The  50%  and  70%  resin  contents 
gave  powders  with  large  median  values  of  20  /mi  and 
1 1  pm  respectively.  Further  increases  in  the  resin 
content  shifted  the  distributions  to  smaller  particle 
sizes.  The  median  value  for  85%  resin  was  about 
6/<m  and  the  largest  particles  in  the  distribution 
were  approximately  20  pm.  This  trend  to  smaller 
sizes  may  have  been  due  to  the  more  violent 
pyrolysis  in  gels  containing  higher  resin  contents, 
leading  to  smaller,  highly  porous  agglomerates.  The 
highest  resin  contents  used,  including  90%  and  95%, 
gave  powders  with  the  lowest  median  particle  sizes. 
However,  the  largest  particles  in  the  distributions 
were  of  a  similar  size  to  the  largest  particles  in  the 
powders  made  from  gels  with  70%  resin.  Interest¬ 
ingly,  both  of  the  higher  resin  contents  give  bimodal 
distributions  and  40%  of  the  powder  was  Submi¬ 


ts-  9.  Effect  of  resin  content  on  particle  size  distribution  of  (a) 
Sr,Si04  and  (b)  Ca,Si04  powders  calcined  at  800  C  for  one 

hour. 
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cron.  This  biomodal  characteristic  was  reproducible 
although  difficult  to  explain. 

Figure  9(b)  shows  the  effect  of  resin  content  on  the 
particle  size  of  the  Ca2Si04  powders.  The  trend  with 
resin  content  was  not  as  systematic  as  in  the  Sr2Si04 
powders.  With  no  resin,  the  distribution  was  wide. 
The  50%  resin  sample  had  a  narrow  distribution, 
between  10  pm  and  1  pm  with  a  median  of  approxi¬ 
mately  2  pm.  This  was  in  contrast  to  the  trend  in  Fig. 
9(a),  but  may  be  explained  by  the  fact  that  during 
calcination,  the  Ca2Si04  gel  with  this  resin  content 
exploded  at  about  200°C.  This  was  thought  to  be  a 
consequence  of  the  sudden  and  violent  release  of 
moisture,  leading  to  smaller  particles.  When  the 
resin  content  was  increased  to  85%,  the  particle  size 
distribution  shifted  to  smaller  particle  sizes.  For  this 
powder,  the  large  particles  were  about  6  pm  in  size 
but  there  was  also  approximately  30%  of  submicron 
powder.  Further  increase  in  the  resin  content  to  93% 
gave  a  very  wide  particle  size  distribution  from 
submicron  to  100  pm.  This  contrasted  with  the 
results  for  Sr2Si04  using  similar  resin  contents.  In 
this  case  interagglomerate  sintering  was  thought  to 
have  taken  place  during  pyrolysis  and  calcination. 

3.3  Effect  of  sodium  on  the  phase  distribution  in 
dicalcium  silicate  powders 

The  phase  distributions  in  Ca2Si04  powders  pre¬ 
pared  with  Silica  1  and  Silica  2  were  markedly 
different  after  calcination  for  1  h  at  1400°C.  This  was 
attributed  to  the  difference  in  sodium  content,  since 
sodium  is  known  to  be  a  stabilizer  for  /?-Ca2Si04.20 
Calculation  showed  that  Silica  2  would  give 
Ca2Si04  with  014wt%  Na20  and  Silica  1  would 
give  Ca2Si04  with  0-67  wt%  Na20.  Sodium  was 
added  in  preparations  of  Ca2Si04  with  Silica  2  in 
the  form  of  NaN03  dissolved  with  the 
Ca(N03)2 .4H20.  In  this  way,  powders  containing 
up  to  1  wt%  Na20  were  prepared,  and  calcined  at 
temperatures  ranging  from  800°C  to  1500°C.  The 
results  of  the  phase  analysis  are  shown  in  Table  1 .  All 
the  powders  exhibited  /1-phase  after  calcination  at 
temperatures  below  1400CC.  However,  after  calcin¬ 
ation  at  1400"C,  samples  containing  less  than 
0-5  wt%  Na20  transformed  to  y-phase  on  cooling, 
while  the  other  compositions  remained  /?-phase. 


Table  1.  Phase  distributions  of  Ca2Si04  powders  with  different 
sodium  contents,  calcined  for  1  h  at  various  temperatures 


Na20 

(U7%) 

800  C 

1000' c 

1200'  C 

1400  C 

014  (Silica  2) 

Si 

p 

P 

/ 

0-27 

P 

p 

P 

/ 

0  41 

— 

— 

P 

/ 

0-54 

— 

— 

P 

P 

0-67  (Silica  I) 

P 

p 

P 

P 

10 

— 

p 

P 

P 

Consequently,  there  was  evidence  to  suggest  that  the 
difference  in  phase  distribution  for  samples  prepared 
with  Silica  1  and  Silica  2  was  due  to  the  sodium 
content  of  these  colloidal  silica  precursors. 

4  Summary 

A  quick  and  relatively  simple  method  for  the 
preparation  of  both  Ca2Si04  and  Sr2Si04  powders 
of  high  surface  area  has  been  developed.  The  method 
avoided  the  use  of  unstable  alkoxides  and  precipit¬ 
ation  techniques.  The  powders  so  produced  were 
very  porous  and  friable  and  could  easily  be  milled 
into  submicron  particle  sizes. 

The  development  of  single  phase  powders  at 
700°C  or  above  appeared  to  involve  the  formation  of 
CaC03  or  SrC03  as  intermediate  compounds.  The 
desired  silicate  then  developed  by  a  low-temperature 
solid-state  reaction  between  500°C  and  700°C. 
When  the  temperature  was  increased  in  this  range, 
the  silicate  developed  and  the  carbonates  disap¬ 
peared.  The  exact  nature  of  the  reaction  was 
unknown. 

Single  phase  powders  of  cx'L -,  /?-  and  y-Ca7Si04 
could  easily  be  produced  by  this  route.  The  method 
has  also  been  used  to  prepare  single  phase  a'- 
powders  of  Sr2Si04  for  the  first  time. 

The  physical  characteristics  of  the  powders 
could  be  controlled  by  the  resin  content  of  the  gel 
and  the  calcination  conditions.  In  the  case  of 
Sr2Si04,  the  resin  content  was  also  used  to  control 
chemical  inhomogeneity  caused  by  the  reprecipita¬ 
tion  of  Sr(N03)2  during  drying  of  the  gel.  The  effect 
of  resin  content  on  surface  area  was  generally  the 
same  for  both  systems,  but  there  were  marked 
differences  in  how  the  resin  content  affected  the 
particle  size  distributions. 

Finally,  the  difference  in  the  phase  distributions 
observed  in  the  Ca2Si04  powders  prepared  with 
Silica  1  and  Silica  2  was  attributed  to  the  difference 
in  the  sodium  content  of  these  colloidal  silicas. 
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ABSTRACT 

The  crystallography,  microstructures  and  phase  transformation  mechanisms  in  dkalrium  silicate 
(CajSiOs)  and  other  orthosilicates  have  been  studied.  Both  the  a  to  a'u  and  a’L  to  0 
transformations  in  Ca2Si(>4  are  considered  to  be  ferroelastic  and  spontaneous  strains  were 
calculated.  Grinding-iiKluced  phase  transformations  occurred  in  ef-*0  and  0-*y.  Mkrostroctures 
shown  in  the  transformed  0  grains  in  CS2SI04  and  Sr^SiOs  suggested  that  the  o'->  0 
transformation  is  possibly  martensitic.  A  single  crystal  study  of  0^SqSO4  incBcaied  a  hysteresis  in 
transformation  temperatures  of  about  10*C  (75*C  for  0-*a’  and  65°C  for  o*->0).  Hot-stage 
optical  microscopy  of  Sr^SiCU  showed  the  rapid  appearance  or  disappearance  of  0-twins  upon 
transformation.  In  terms  of  the  crystal  structures,  the  major  driving  force  for  the  0  to  y 
transformation  in  Ct2Si04  is  proposed  to  be  strains  doe  to  previous  ferroelastic  transformations 
and  cation  charge  repulsions  in  the  0  structure.  This  mechanism  can  be  displacive,  bat  needs  to 
overcome  a  comparatively  high  energy  barrier  due  to  the  breaking  of  some  oxygen  bonds. 

1.  INTRODUCTION 

Dicalcium  silicate  (Ca2SK)4)  is  a  major  component  of  portland  cement  As  an  ortbosificaie  of  the 
general  formula  of  M2S1Q4  (where  M  is  a  divalent  cation),  QoSiOs  has  an  unusually  large  number 
of  polymorphs,  viz.,  a,  a’jj,  a’L.  0  and  y.  As  the  cation  size  in  the  M  site  increases,  high 
temperature  phases  tend  to  be  more  stable.  That  is.  of  and  0  in  SrzSiOs  and  a*  in  Bt2SiOl4  have 
been  reported  as  stable  phases.  In  contrast  die  low-temperature  orthorhombic  y  phase  is  the  only 
stable  phase  in  the  mineral  olivine  (Mg2Si04>  which  has  smaller  cations  in  the  M  site.  The 
schematic  diagram  in  figure  1  compares  the  stable  polymorphs  in  these  four  ortbosilicates. 

The  crystal  structures  of  Ca2Si04-polyinocphs  have  not  yet  been  firmly  determined  except  for  the  0 
and  y  phases.  The  suggested  transformation  mechanisms  among  the  polymorphs  in  Ca2Si04  are 
generally:  6)  a  semi-reconstructive  mechanism  between  a  and  o'h  [1];  (n)  an  disorder-order 
transformation  mechanism  between  a*H  and  a'L  [1];  (iii)  a  displacive,  possibly  martensitic 
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Figure  1.  A  schematic  diagram  comparing  stable  polymorphs  and  their  transformation  temperatures 
in  different  orthosilicates  (M2SiC>4). 

mechanism  between  a'L  and  P  [1,2];  and  (iv)  a  reconstructive  [1],  semi-reconstructive  [3]  or 
displacive  [4]  mechanism  for  p  to  y. 

The  objective  of  this  study  was  to  understand  the  mechanisms  of  polymorphic  phase 
transformations  in  these  orthosilicates  through  structural  and  microstructural  characterization  of 
various  ceramic  samples  primarily  by  TEM  and  optical  microscopy.  Two  special  intentions  were  to 
study  (i)  the  mechanism  of  the  p  to  y  transformation  in  Ca2Si04,  which  is  an  unusual,  low-  to 
high-symmetry  transformation  accompanied  by  a  large  volume  increase  (~12%)  on  cooling;  and  (ii) 
the  martensitic  nature  of  the  a’  to  P  phase  transformations  in  Ca2Si04  and  Sr2Si04. 

Ceramic  samples  studied  were:  (i)  pure  Ca2Si04,  sintered  between  800  and  1500°C  for  1  minute  to 
72  hours  [5];  (ii)  Ca2Si04,  doped  with  1  to  5  mol%  Ba2SiC>4  and  sintered  between  800  and 
1400°C  for  1  to  3  hours  [6];  and  (iii)  composites  of  Ca2Si04  (15  vol%)  in  an  MgO  matrix,  sintered 
at  1600°C  for  3  hours  and  composites  of  Ca2Si04  (10  vol%)  in  a  CaZrC>3  matrix,  sintered  at 
1600°C  for  2  hours;  (iv)  pure  Sr2SiC>4,  sintered  betwen  900  and  1400°C  for  1  to  5  horns;  and  (v) 
pure  Ba2SiC>4,  sintered  at  1400°C  for  1  hour.  All  powders  and  pellets  were  examined  by  XRD, 
SEM  and  TEM  to  study  crystal  structures,  microstructures  and  microchemistry.  In  addition,  hot- 
stage  optical  microscopy  of  single  crystals  of  P-Sr2SiC>4  was  conducted  to  study  the  a’«-4p  phase 
transformation. 

2.  PHASE  TRANSFORMATIONS  IN  DICALCIUM  SILICATE 

A  TEM  study  of  the  interfaces  between  Ca2Si04-polymoTphs  resulted  in  the  following  possible 
lattice  correspondences:  [7] 

ftaL  H  bcrt.//-Cp  “d  CoL//l2p» 

i*p  //  ay,  lip  //  -Cy  and  Cp  //  ty 


which  agreed  with  previous  single  crystal  X-ray  precession  work  [8].  Almost  all  (5  grains  were 
twinned  and  strained.  Microcracks  tended  to  develop  along  grain  boundaries  as  the  grain  size 
increased.  In  pure  Ca2Si04  p  grains  were  internally  strained,  and  sometimes  showed  streaking  in 
the  SADPs.  In  composites,  twinned  3  grains  were  usually  elongated  and  internally  more  strained, 
giving  rise  to  two  directional  streaking  in  the  (OlOjjj  SADP,  both  parallel  and  perpendicular  to 
(200}p*.  Some  transformed  y  grains  coexisted  with  P  grains,  producing  large  intergranular 
microcracks.  y  grains  were  strain  free,  but  detwinning-related  planar  defects  were  usually  present 
The  { 100}p  twinning  occurred  more  favorably  than  did  {001  }p  twinning.  Two  types  of  symmetry- 
related  domain  structures  were  observed  in  p  grains:  (i)  two  twin-related  domains  for  samples 
which  had  experienced  the  cx’l  to  P  transformation;  and  (ii)  three  120°  rotation-related  domains  for 
samples  which  had  experienced  the  a  to  o'h  transformation.  XRD  studies  indicated  that  grinding- 
induced  phase  transformations  occurred  in  both  a'L-*P  and  P-*y. 

Based  on  symmetry  considerations  deduced  from  microstructures  of  P*Ca2Si04,  the  a  (hexagonal, 
6/mmm)  to  <x’h  (orthorhombic,  mmm)  transformation  appeared  to  be  ferroelastic.  The  spontaneous 
strain  (e$)  generated  by  this  transformation  was  estimated  to  be  0.046.  If  the  cx'h— »oc’l  were  an 
disorder-order  transformation  without  change  of  symmetry,  the  <x'l  (orthorhombic,  mmm )  to  p 
(monoclinic,  2/m)  transformation  would  also  be  ferroelasdc  and  its  spontaneous  strain  was 
estimated  to  be  0.044.  Therefore,  the  P*Ca2Si04  structure  resulting  from  this  sequence  of 
ferroelasdc  transformations  should  inherently  be  strained. 

From  structural  refinement  data  of  Ca2Si04,  the  cadon-anion  bond  lengths  and  the  nearest  cation- 
cation  bond  distances  were  calculated.  While  the  changes  of  Si-O  bond  lengths  throughout  the 
transformations  are  minor,  the  changes  of  Ca-O  bond  lengths  are  significant,  indicating  the  rapid 
collapse  of  the  CaOx  "cage"  on  cooling.  Comparison  of  the  nearest  bond  distances  between  cations 
show  that  the  p  structure  has  the  closest  bond  distances  for  Si-Ca.  Referring  to  ambient  pressure 
data  for  nonbonded  radii  of  Si  and  Ca  [9],  the  ideal  Si-Ca  distance  would  be  -3.23  A.  This  means 
that  the  nearest  Si-Ca  bond  distance  in  (5  (-2.97  A)  is  too  close  to  maintain  the  stability  of  the 
structure  at  ambient  pressure.  As  a  consequence,  strong  repulsive  forces  are  expected  to  develop  in 
the  P  structure.  This  may  be  a  reason  why  the  P  structure  is  unstable  at  ambient  pressure. 
However,  this  structure  was  reported  to  be  more  stable  than  both  the  y  structure  and  the  <x'l 
structure  at  very  high  pressures  [10J.  Conventional  projections  of  the  Ca2Si04  polymorphs 
showed  that  all  of  the  a,  a'  and  p  structures  have  close  association  of  Si  atoms  in  SiC>4  tetrahedra 
with  adjacent  Ca  atoms.  However,  in  the  y  structure,  they  are  no  longer  closely  associated  due  to 
large  displacements  of  both  the  Si04  and  Ca  by  the  P  to  y  transformation.  The  displacements  are 
not  a  simple  shuffling  movement  of  atoms,  but  involve  a  considerable  amount  of  Si04  rotation. 

In  terms  of  the  crystal  structure,  the  major  driving  forces  for  the  P  to  y  transformation,  therefore, 
arc  considered  to  be  the.  release  of  strains  inherited  from  previous  high  temperature  transformations 
and  Si-Ca  charge  repulsions  in  the  P  structure.  The  higher  symmetry  and  larger  volume  of  the 
transformed  y  phase  are  probably  related  to  the  process  of  straightening  of  the  (5  lattice  to  release 
strains  and  maximization  of  the  volume  to  reduce  repulsions.  The  P  to  y  transformation  can  be 
displacive  in  the  sense  of  its  instantaneous  reaction,  but  needs  to  overcome  a  comparatively  high 
energy  barrier  due  to  the  breaking  of  some  oxygen  bonds  in  the  P  structure. 

3.  MODULATED  STRUCTURES  IN  ORTHOSILICATES 

From  TEM  studies  of  the  Ca2Si04  system,  three  types  of  superlattice  structures  were  observed:  (i) 
the  x2a,2k-type  in  pure  o’l  (space  group,  Pmcn\  a<£<b)  (ii)  the  x3fi-type  in  o’l  doped  with 
Ba2Si04  and  (iii)  the  x3a-type  in  all  P  (space  group,  P2Un\  a<k<£).  On  the  other  hand,  pure 
Sr2Si04  showed  incommensurate  modulations  in  both  o’  and  P  phases:  (i)  q  *  0,30  fiV  and  (ii)  q 
-  0.30  No  significant  changes  of  these  modulation  vectors  were  noticed  in  both  CaaSiQa  and 
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Sr2SiC>4  samples  sintered  under  different  conditions.  No  modulation  was  observed  in  pure  a'- 
Ba2SiC>4. 

Similar  modulated  structures  were  frequently  reported  from  other  orthorhombic  A2BO4 
compounds  (P-K2SO4  type)  which  are  believed  to  be  isostructural  with  a*L-Ca2Si04  and  a'- 
Sr2Si04  [11].  Five  different  modulated  phases  were  also  reported  in  the  Ba2Si&4-Ca2Si04  system 
[12].  Modulated  monoclinic  phases  were  not  common  but  a  three-fold  modulation  was  observed  in 
monoclinic  [N(CH3)4]2ZnCl4  [13].  These  varieties  of  modulated  phases  in  A2BO4  suggest  the 
inherent  instability  of  the  orthorhombic  structure  which  is  an  inhomogeneous  mixture  of  relatively 
large,  but  loosely-bonded  AOx  polyhedra  and  small,  but  rigid,  BO4  tetrahedra.  These  BO4 
tetrahedra  are  not  linked  to  one  another  and  can  easily  be  moved  and  rotated.  Actually,  the  origin  of 
many  modulated  structures  in  A2BO4  compounds  can  be  attributed  to  the  three-fold  rotation  of  BO4 
tetrahedra. 

It  is  interesting  to  note  the  changes  of  modulated  structures  in  a'-M2Si04  as  the  size  of  M  cations 
changes  (Ba2+:  R  «*  1.35A,  Sr2+:  R  »  1.18A,  Ca2+:  R  -  1.00A):  that  is,  no  modulation  in 
Ba2SiC>4,  incommensurate  modulation  in  Sr2Si04  and  commensurate  modulation  in  Ca2SiC>4 
(figure  2).  This  trend  suggests  that  the  modulated  structures  in  a’-M2SiC>4  are  directly  related  to 
the  stability  of  the  MOx  polyhedra.  Smaller  cations  in  MOx  apparently  destabilize  the  a'  structure 
and  produce  modulations.  As  discussed  before,  the  modulated  structures  observed  in  both  <x’l  and 
P  in  Ca2SiC>4  may  be  related  to  some  effective  ways  by  which  CaOx  and  adjacent  SiC>4 
arrangements  relieve  electrostatic  repulsions  between  Ca  and  Si  atoms. 


G>.  • 


Figure  2.  The  [010]  SADP's  of  orthorhombic  (a')  orthosilicates  showing  modulations  along  £*: 

(a)  pure  Sr2Si04  and  (b)  Ca2SiC>4  doped  with  5  mol%  Ba2SiC>4. 

4.  MARTENSITIC  NATURE  OF  THE  a’-»P  TRANSFORMATION 

Microstructures  shown  in  the  transformed  P  grains  in  Ca2Si04  and  Sr2Si04  suggest  that  the  a'-»P 
transformation  is  probably  martensitic  as  well  as  ferroelastic.  The  development  of  P-laths  which 
resembled  p-twins  were  often  observed  in  Sr2Si04  (figure  3).  These  laths  were  possibly  formed 
by  a  stress-induced  martensitic  transformation  during  TEM  specimen  preparation.  Grinding- 
induced  a'— >P  phase  transformation  was  evident  in  both  Ca2Si04  and  Sr2Si04.  Because  of  the 
similarity  of  the  lattice  dimensions  as  well  as  the  low  transformation  temperature,  the  P— xx’ 
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transformation  in  Sr^SiC^  could  be  induced  by  electron  beam  heating  of  the  twinned  p  phase.  The 
lattice  correspondence  between  a'  and  P  was  identical  to  that  in  Ca2SiC>4. 


For  a  more  direct  study,  single  crystals  of  P-Sr2Si04  were  grown  using  a  flux  melting  technique 
[14],  DSC  measurements  of  transformation  temperatures  indicated  a  hysteresis  of  ~10°C  C75°C  for 
p— KX'  and  65°C  for  a’-*p).  Hot-stage  optical  microscopy  displayed  changes  in  interference  colors 
and  the  rapid  appearance  or  disappearance  of  P-twins  upon  transformation  (figure  4).  Some 
crystals  transformed  in  a  series  of  sudden  bursts  with  a  propagating  interface  while  others 
transformed  in  a  single  event  A  few  crystals  fractured  on,  or  shortly  after  undergoing  the  reverse 
a’-*P  transformation. 


Figure  3.  TEM  micrographs  displaying  the  resemblance  of  P-twins  (a)  with  P-laths  (b),  both 
developed  in  the  a’  phase  of  Sr2Si04.  The  [001]a*+[010]p  SADPs  are  shown  in  the  insets. 


Figure  4.  Transmitted  light  micrographs  under  crossed  polars  of  the  p-KX'  transformation  at 
73.6°C  on  heating  in  Sr2Si04-  The  twinned  P-crystal  (a)  transformed  in  a  series  of  bursts  via  an 
interface  (arrowed  in  b)  to  untwinned  a'  phase  (c). 


The  <x'l-*0  transformation  in  Ca2Si04  was  reported  to  occur  instantaneously,  but  with  a 
hysteresis  of  25°C  [IS].  From  an  in  situ  hot-stage  TEM  study,  Groves  [16]  observed  the  twinning- 
detwinning  process  by  cooling  and  heating  of  Ca2Si04  and  suggested  a  martensitic  mechanism  for 
the  o'l— transformation.  The  great  rapidity  of  the  twin  formation  on  cooling  may  indicate  that 
this  martensitic  transformation  did  not  require  an  additional  lattice  invariant  shear  strain  to  produce 
an  invariant  plain  strain  [16].  Martensitic  calculation  of  the  a'L-»0  transformation  in  Ca2SiQ4  also 
showed  that  a  small  lattice  invariant  shear  would  be  necessary  and  the  choice  of  lattice  invariant 
shear  system  had  little  effect  on  the  results  [17]. 

5.  CONCLUSION 

Both  the  a  to  <x'h  and  (x’l  to  0  transformations  in  Ca2Si04  are  considered  to  be  ferroelastic.  The 
spontaneous  strain  (es)  generated  by  these  transformations  was  estimated  to  be  -0.046  for  ci-xx’h 
and  -0.044  for  a’L-»0.  The  a'-»0  transformations  in  Ca2Si04  and  Sr2Si04  are  also  possibly 
martensitic.  The  hysteresis  in  transformadon  temperatures  in  Sr2Si04  was  about  10°C  (75°C  for 
0-»a'  and  6S°C  for  a'-»0).  The  rapid  appeareance  or  disappearance  of  0-twins  upon 
transformadon  was  observed  in  St^SiOx-  In  terms  of  the  crystal  structures,  the  major  driving  force 
for  the  0  to  y  transformadon  in  Ca2SK>4  is  proposed  to  be  strains  accumulated  during  previous 
higher  temperature  ferroelasdc  transformations  and  cation  charge  repulsions  in  the  0  structure.  This 
mechanism  can  be  displacive,  but  needs  to  overcome  a  comparatively  high  energy  barrier  due  to  the 
breaking  of  some  oxygen  bonds.  The  modulated  structures  observed  in  both  a'  and  0  in  Ca2Si04 
and  Sr2Si04  appeared  to  be  direedy  related  to  the  instability  of  the  CaOx  and  SiOx  polyhedra  and 
their  interaction  with  adjacent  SK)4  tetrahedra. 
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TEM  CHARACTERIZATION  OF  THE  a'  AND  P  PHASES  IN 
POLYCRYSTALLINE  DISTRONTIUM  SILICATE  (Sr2Si04) 

Y.  J.  Kim,  J.  L.  Shull  and  W.  M.  Kriven 

Department  of  Materials  Science  and  Engineering,  University  of  Illinois  at  Urbana- 
Champaign,  Urbana,  IL  61801 

Two  polymorphs,  a'  and  p,  arc  known  to  be  major  phases  in  pure  distrontium 
silicate  (Sr2Si04)  at  atmospheric  pressure.1  Fully  dense  pellets  were  fabricated  by 
sintering  chemically  prepared  powders  in  the  temperature  range  of  900°  to  1400°C 
for  1  to  5  hours.  Their  phases  and  microstructures  were  studied  by  TEM.  At  lower 
sintering  temperatures  such  as  900°C,  the  major  phase  was  orthorhombic  a'  (space 
group,  Pmnb).  The  euhedral  a’  grains  had  a  size  of  about  1  pm  diameter  (Fig.  la). 
As  the  sintering  temperature  increased,  the  amount  of  monoclinic  P  phase  (space 
group,  P2j/n)  tended  to  increase.  These  p  grains  were  usually  irregular  and  twinned 
on  { 1 00 }  p  or  { 00 1 }  p  planes.  Concentration  of  the  electron  beam  on  the  grains  gave 
rise  to  a  disappearence  of  twins  (Fig.  lb). 

SADP's  from  the  a’  grains  showed  an  incommensurate  modulation  along  the  b* 
direction.  In  the  [001  Jot'  orientation,  the  modulation  was  almost  commensurate,  with 
satellite  reflections  located  at  —1/3  of  the  principal  reflections  (Fig.  2a).  When  the 
specimen  was  tilted  to  the  [102]a'  orientation,  the  number  of  satellite  reflections 
increased  (Fig.  2b).  This  modulation  could  be  interpreted  in  several  different  ways, 
one  of  which  suggested  that  the  satellite  reflections  around  {0A0}  were  extinct,  when 
k  is  even,  in  the  [001  ]a'  orientation.  In  this  case  the  modulation  vector,  q,  would  be 
about  0.3  i>*.  A  previous  study  reported  q  =  0.303  ±  0.005  b*.2  SADP’s  from  the 
twinned  P  grains  also  showed  a  similar  incommensurate  modulation  along  the  b* 
direction.  Fig.  3a  shows  the  [100]p  SADP,  which  is  almost  identical  to  the  [001 )«' 
SADP  except  for  the  appearance  of  {010}p  principal  reflections  in  the  former.  The 
[1 10]p  SADP  of  the  same  area  (Fig.  3b)  did  not  display  any  modulations,  but  [001  }p 
twinned  reflections  were  observed  (arrowed).  Because  of  complications  and 
variations  of  the  modulated  structures  of  both  the  a'  and  P  phases  in  samples 
processed  under  different  conditions,  further  study  is  needed,  particularly  in 
conjunction  with  the  transformation  mechanism  between  the  a'  and  P  phases. 
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Fig.  1 .  (a)  Euhedral  a'  grains  and  (b)  twinned  P  grains.  Bar  =  1  Jim. 

Fig.  2.  SADP's  from  an  a'  grain  showing  an  incommensurate  modulation: 

(a)  [OOlJa' and  (b)  [102k1 

Fig.  3.  SADP's  from  a  twinned  P  grain:  (a)  [100](j  showing  an  incommensurate 
modulation  and  (b)  [110]p  with  {001  }p  twinned  reflections  (arrowed). 
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Abstract 


The  decomposition  mechanism  of  hillebrandite  (Ca2Si04*H20)  to  larnite  (0- 
Ca2SiC>4)  was  studied  by  conventional  and  in  situ  hot-stage  TEM  methods.  The 
hillebrandite  structure  is  suggested  to  be  a  composition  of  parawollastonite 
(CaSiC>3)  and  portlandite  (Ca(OH)2)  adjoining  on  {001 }  planes.  The  decomposed 
larnite  fibers  showed  occasional  bending  and  kinking  as  well  as  internal  defects 
such  as  dislocations  and  domains.  No  transformation-related  microstructures  such 
as  twinning  were  observed.  The  preferred  orientations  in  the  larnite  fibers  were 
not  distinct.  The  decomposition  route  of  hillebrandite  in  air  and  in  a  vacuum  may 
be  different.  In  air,  the  decomposed  CaO  from  the  portlandite  layer  directly 
participates  in  the  process  of  SiC>4  chain  breaking  to  form  larnite.  In  the  TEM 
this  decomposed  CaO  is  removed  and  reprecipitated,  so  that  hillebrandite 
converts  directly  to  parawollastonite.  A  possible  lattice  correspondence  between 
hillebrandite  (C2SH)  and  larnite  (P-C2S)  is  proposed  to  be:  bc2SH  //  bp-C2S,  ae2SH 
//  =  [102]p.c2S>  and  cc2Sh  //  ~  [401]p_c2S- 


I.  INTRODUCTION 


Hydrothermally  produced  hillebrandite  (Ca2SiC>4*H20)  has  recently  been 
introduced  as  a  new  energy-saving  source  material  for  very  reactive  larnite  (P- 
Ca2Si04),  which  is  a  major  ingredient  of  portland  cement.U)  On  heating  in  air, 
fibrous  hillebrandite  starts  to  decompose  at  about  500°C  and  produces  fibrous  p- 
Ca2Si04.  A  high  specific  surface  area  (about  7  m2/g)  and  chemical  purity  without 
any  chemical  stabilizers  are  major  characteristics  of  p-Ca2Si04  produced  from 
this  hillebrandite. 0) 

Although  the  structure  of  hillebrandite  has  not  been  refined,  our  previous 
transmission  electron  microscopy  (TEM)  study  on  the  structure  and 
microstructures  of  the  synthetic  hillebrandite  revealed  their  close  similarity  to 
those  of  the  mineral  wollastonite  (CaSi03).(2)  As  in  wollastonite,  hillebrandite 
fibers  showed  their  fiber  axes  to  be  aligned  to  the  b  axis,  which  is  the  single  chain 
direction  of  SiC>4  tetrahedra  ("dreierketten"),  and  a  prominent  stacking  disorder 
perpendicular  to  this  axis.  The  decomposition  of  synthetic  hillebrandite  to  P- 
Ca2Si04  has  been  investigated  by  thermogravimetric  analyses  (TGA),  differential 
thermal  analyses  (DTA),  powder  x-ray  diffraction  (XRD),  29Si  nuclear  magnetic 
resonance  (NMR)  and  TEM.0>3)  However,  the  TEM  result  was  still  very 
preliminary  in  establishing  the  decomposition  mechanism.  On  the  other  hand,  a 
considerable  number  of  TEM  studies  on  p~Ca2Si04  produced  by  conventional  or 
chemical  methods  have  been  reported.  (4>5) 

It  was  our  purpose  to  investigate  the  decomposition  mechanism  of 
hillebrandite  using  mainly  conventional  and  in  situ  hot-stage  TEM  techniques.  A 
special  interest  was  to  find  the  structural  relationship  between  hillebrandite  and 
P-Ca2Si04.  A  comparative  study  on  microstructures  in  p-Ca2Si04  produced  by 
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the  decomposition  of  hillebrandite  with  those  produced  by  conventional  or 
chemical  methods  was  also  attempted. 


II.  EXPERIMENTAL  PROCEDURE 

Powders  of  synthetic  hillebrandite  prepared  by  Ishida  et  al.  0)  were  used  in 
this  study.  Two  different  TEM  experiments  were  performed.  First,  three  batches 
of  the  as-received  powders  were  furnace-heated  for  1  hour  at  500°,  600°,  and 
700°C  in  air,  respectively.  Each  batch  of  powders  was  dispersed  ultrasonically  in 
alcohol.  A  formvar-supported  holey  copper  grid  was  dipped  into  the  solution  and 
dried.  Hitachi  600  operated  at  100  kV  and  Philips  EM-420  operated  at  120  kV 
microscopes  were  used  for  conventional  TEM  studies.  These  solutions  were  also 
examined  by  XRD  (Siemens,  operated  at  30  kV  -  30  mA)  to  check  the  degree  of 
decomposition  and  the  existence  of  preferred  orientations  at  different 
temperatures.  Second,  in  situ  TEM  studies  of  the  as-received  hillebrandite 
powders  were  carried  out  using  double-tilt  heating  stages  with  Philips  EM-420 
and  AEI  EM-1200  (operated  at  200  kV,  Argonne  National  Laboratory) 
transmission  electron  microscopes.  Severe  electron  beam  damage  of  hillebrandite 
was  minimized  by  using  low  beam  currents  and  long  exposure  times. 


III.  RESULTS 

III.l.  Furnace-heated  Powders 

In  spite  of  the  previous  decomposition  study  on  synthetic  hillebrandite  that 
reported  the  decomposition  started  at  about  500°C  and  was  completed  at  about 
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660°CU),  TEM  examination  of  all  the  furnace-heated  powders  in  this  study, 
including  the  700°C-heated  one,  showed  a  considerable  amount  of  undecomposed 
hillebrandite.  This  hillebrandite  had  characteristic  fibrous  forms  whose  widths 
usually  ranged  from  0.1  pm  to  0.4  pm,  as  reported  before(2).  In  selected  area 
diffraction  patterns  (SADP's),  distinct  streaking  due  to  stacking  disorder 
perpendicular  to  the  fiber  axis  was  present.  Such  a  fiber  from  the  700°C-heated 
sample  displayed  strong  strain  contrast  as  well  as  characteristic  linear  defects 
along  the  fiber  axis  (Fig.  la).  The  [001]  SADP  (Fig.  lb)  clearly  indicates  that  the 
fiber  was  still  undecomposed  hillebrandite.  Its  extinction  condition  and  weak 
streaking  parallel  to  the  a*  direction  reflected  the  characteristic  stacking  disorder 
in  hillebrandite,  as  in  the  case  of  wollastonite.(2>6) 

In  addition  to  hillebrandite,  there  were  two  new  phases  observed  in  the 
furnace-heated  powders  (Figs.  2  and  3).  The  fibrous  morphology  and  the  [001] 
SADP's  of  both  phases  resembled  those  of  hillebrandite.  Coexistence  of  the  new 
phase  with  hillebrandite  was  often  reflected  by  extra  spots  along  the  a*  directions 
together  with  the  hillebrandite  spots. 

One  of  these  new  phases  had  a  larger  d-spacing  of  about  9.89  A  (the 
corresponding  spot  is  arrowed  in  Fig.  2a)  than  the  largest  d-spacing  of 
hillebrandite,  where  d200  ~  8.30  A,  along  the  a*  direction.  No  d-spacing  values 
of  both  hillebrandite  and  ($-Ca2Si04  exactly  matched  this  value.  In  addition,  there 
was  a  weak  but  distinct  reflection  at  the  {020}  position  of  hillebrandite  (d-spacing 
«  3.63  A;  arrowed  in  Fig.  2a)  which  is  extinct  in  pure  hillebrandite.  The 
corresponding  image  shown  in  Fig.  2b  suggests  that  this  fiber  is  composed  of 
alternating  bands  of  hillebrandite  and  the  new  phase  in  contact  on  the  {200}  plane 
of  hillebrandite.  This  phase  was  occasionally  observed  in  specimens  taken  from 
both  the  500°C-  and  600°C-heated  powders,  and  even  from  the  unheated  powders. 


but  not  from  the  700°C-heated  powders.  We  designated  this  new  phase  as  "the  L 
phase"  ("L"  for  larger)  for  further  description. 

The  [001]  SADP  of  the  other  new  phase  was  also  very  similar  to  those  of 
hillebrandite  and  the  L  phase  (Fig.  3a).  However,  it  had  a  smaller  d-spacing  of 
about  7.64  A  (the  corresponding  spot  is  arrowed  in  Fig.  3a)  than  the  largest  d- 
spacing  of  hillebrandite,  where  d200  ~  8.30  A,  along  the  a*  direction.  No  d- 
spacing  values  of  both  hillebrandite  and  p-Ca2SiC>4  matched  this  value.  The 
corresponding  image  of  the  heated  fiber  apparently  contains  a  band  of  this  new 
phase  (arrowed  in  Fig.  3b)  within  the  undecomposed  hillebrandite.  It  was  aligned 
in  the  same  direction  with  the  hillebrandite  fiber  and  had  a  thickness  of  «  150  A. 
This  phase  was  not  observed  in  specimens  taken  from  both  the  500°C-  and  600°C- 
heated  powders,  but  occasionally  observed  in  specimens  from  the  700°C-heated 
powders.  We  designated  this  new  phase  as  "the  S  phase"  ("S"  for  smaller)  for 
further  description. 

Fully  decomposed  hillebrandite,  that  is,  p-Ca2SiC>4  was  not  observed  in 
specimens  taken  from  the  500°C-heated  powders,  but  infrequently  observed  from 
the  600°C-heated  powders,  and  more  frequently  observed  from  the  700°C-heated 
powders.  Throughout  the  decomposition  process,  the  fibrous  morphology  of 
hillebrandite  generally  remained,  but  with  some  modifications.  Figs.  4a  and  4b 
illustrate  two  morphological  changes  in  P-Ca2Si04:  (i)  bending  of  fibers  which 
was  repeatedly  observed  and  (ii)  kinking  or  knotting  of  fibers.  In  addition,  the 
decomposition  process  also  changed  the  internal  microstructure  of  hillebrandite. 
Instead  of  the  characteristic  linear  defects  in  hillebrandite  as  shown  in  Fig.  lb,  P- 
Ca2Si04  fibers  have  many  defects  such  as  dislocations  (Fig.  4c)  and  domain 
microstructures  within  a  fiber  (Fig.  4d).  Partly  because  of  this  high  defect 
concentration,  and  partly  because  of  the  low  crystallinity  of  |3-Ca2Si04  fibers, 
most  SADP's  of  P-Ca2Si04  appeared  as  quite  diffuse  reflections.  However,  the 


transformation-related  microstructures  such  as  twinning  or  modulated  structures, 
which  were  prevalent  in  p-Ca2SiC>4  formed  by  conventional  or  chemical 
methods,  (4*5)  were  not  detected  in  this  decomposed  powder. 

In  contrast  to  the  hillebrandite  fibers  which  lay  mostly  on  the  {001} 
cleavage  planes,  there  were  no  distinct  preferred  orientations  in  the  ($-Ca2Si04 
fibers.  Examination  of  20  individual  0-Ca2SiO4  fibers  resulted  in  the  following 
orientations.  Within  ±10°  of  tilting,  P~Ca2Si04  could  be  oriented  to  [101]  (4 
fibers),  [100]  (3  fibers),  [201]  (2  fibers),  [001]  (2  fibers),  [210]  (1  fiber),  [110]  (1 
fiber),  [Oil]  (1  fiber),  and  [010]  (1  fiber).  Among  the  other  5  fibers,  4  fibers 
could  be  oriented  to  [100]  and  1  fiber  to  [101]  with  a  larger  tilting  of  about  ±30°. 
SADP's  of  two  frequently  observed  orientations,  [100]  and  [101],  are  shown  in 
Figs.  5a  and  5b. 

The  XRD  results  for  these  powders  can  be  summarized  as  follows:  (i)  The 
as-received  powder  showed  some  weak  peaks  that  did  not  belong  to  hillebrandite. 
The  phases  responsible  for  these  peaks  were  not  positively  identified;  (ii)  At 
500°C,  |5-Ca2Si04  peaks  were  moderate  and  hillebrandite  peaks  were  weak.  Low 
peak  intensities  and  high  background  suggested  a  low  crystallinity  of  both 
hillebrandite  and  P-Ca2SiC>4,  and  the  possible  existence  of  amorphous  phases;  (iii) 
The  peak  intensity  of  p-Ca2SiC>4  became  stronger  and  sharper  as  the  heating 
temperature  increased  from  600°  to  700°C.  However,  weak  intensities  of 
hillebrandite  were  still  present  in  specimens  from  the  700°C-heated  powders;  (iv) 
Any  preferred  orientations  in  p~Ca2Si04  were  not  clearly  detectable. 

III. 2.  In  Situ  TEM  Study 

Direct  observation  of  the  decomposition  process  was  attempted  by  in  situ 
TEM  heating  of  several  hillebrandite  fibers  up  to  900°C  in  a  vacuum.  The 
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average  heating  rate  was  usually  about  3°C/min.  Since  the  thermocouple  was 
attached  to  the  heating  furnace,  the  real  specimen  temperature  was  uncertain.  No 
internal  standard  was  used  to  calibrate  the  temperature.  As  seen  in  Figs.  6a  and 
6b,  the  unheated  fiber  showed  the  characteristic  [001]  SADP  and  microstructures 
of  hillebrandite.  At  500°C  extra  spots  started  to  appear  along  the  a*  direction  (a 
spot  near  the  (200)hillebrandite  is  arrowed  in  Fig.  6c).  Examination  of  the  d- 
spacings  of  these  extra  spots  revealed  that  they  were  the  same  as  those  of  the  S 
phase  mentioned  above.  They  were  a  little  diffuse  and  weaker  than  the  {200}- 
type  reflections  of  hillebrandite  at  500°C,  but  intensified  more  and  more  as  the 
temperature  increased  (Fig.  6e  and  6g).  At  800°C  the  {200}-type  reflections  of 
hillebrandite  completely  disappeared  and  only  the  extra  spots  were  present  (Fig. 
6i).  No  change  in  the  SADP  was  observed  at  900°C  (Fig.  6k).  Another  change  in 
the  SADP  at  500°C  (Fig.  6c)  was  the  appearance  of  diffuse  rings.  These  rings 
were  more  diffused  and  weakened  as  the  heating  temperature  increased,  but  still 
remained  at  900°C. 

Characteristic  microstructures  of  hillebrandite,  such  as  linear  defects  and 
strain  contrast,  shown  in  Fig.  6b,  still  remained  at  500°C  (Fig.  6d),  but  were  not 
apparent  at  600°C  (Fig.  6f).  The  overall  microstructures  of  the  samples  from 
600°C  to  900°C  were  very  similar.  They  were  relatively  featureless  and  showed 
disturbed  strain  contrast  (Figs.  6h,  6j,  and  61).  However,  there  was  one  major 
change  in  morphology  at  700°C:  a  lateral  shrinkage  of  the  fiber  of  about  8% 
occurred.  This  shrinkage  was  commonly  observed  from  several  fibers,  even 
though  the  amount  of  lateral  shrinkage  was  variable,  ranging  from  6%  to  23%.  It 
was  interesting  to  observe  precipitation  and  growth  of  the  cube-like  crystallites 
outside  the  fiber  during  the  heating  experiment.  The  crystallites  appeared  at  the 
same  time  when  the  reflections  of  the  S  phase  appeared.  They  grew  as  the 
intensity  of  the  S  reflections  increased  (Figs.  6c  to  6k).  It  was  uncertain  as  to 


whether  these  crystallites  were  products  of  decomposition  or  some  kinds  of 
contaminants. 

In  order  to  observe  direct  decomposition  to  P-Ca2Si04,  one  fiber  which 
was  a  mixture  of  hillebrandite  and  the  L  phase  was  deliberately  chosen  from  the 
600°C  furnace-heated  powders.  In  situ  heating  of  this  fiber,  however,  resulted  in 
almost  the  same  trend  of  variation  as  those  of  the  hillebrandite  fiber  described 
above.  The  spots  of  the  L  phase  were  weak  at  500°C  and  completely  disappeared 
at  600°C.  Instead,  the  spots  of  the  S  phase  appeared  at  600°C  and  intensified  as  the 
temperature  increased.  At  800°C  the  hillebrandite  spots  completely  disappeared 
and  only  the  spots  of  the  S  phase  remained.  Variation  of  microstructures 
including  the  cube-like  precipitates  outside  the  fiber,  were  similar  to  those  of  the 
S  phase  described  above. 

Throughout  this  in  situ  TEM  study,  our  attempts  to  convert  the 
hillebrandite  fibers  to  the  0-Ca2SiC>4  fibers  were  mostly  not  successful,  except 
only  in  a  few  cases.  As  a  example  of  the  successful  cases,  Fig.  7  displays  the 
images  and  SADP's  of  a  fiber  which  was  unheated  (7a  and  7b),  and  heated  to 
700°C  in  the  TEM  (7c  and  7d).  Unfortunately  the  unheated  fiber  was  not  exactly 
in  the  zone  axis  but  considerably  off  from  the  [001]  zone  axis.  Compared  to  that, 
the  heated  one  was  exactly  in  the  [101]  zone  axis  of  P-Ca2SiC>4.  Additional 
reflections  shown  in  SADP's  indicated  that  this  fiber  was  not  a  single  grain.  From 
the  corresponding  images,  a  slight  movement  (rotation)  and  lateral  shrinkage 
were  detectable.  Other  fibers  which  were  completely  converted  to  ($-Ca2Si04  by 
heating  at  700°C  had  drifted  and  were  bent  so  severely  that  an  unambiguous 
determination  of  orientation  relationship  was  not  possible. 


IV.  DISCUSSION 


IV.l.  Structural  Relationship 

In  order  to  study  the  decomposition  mechanism  in  terms  of  the  structural 
change  from  hillebrandite  to  lamite  (|3-Ca2Si04),  it  is  necessary  to  have  reliable 
information  about  the  crystal  structures  of  both  materials.  Unfortunately,  there 
has  been  no  report  on  the  structural  refinements  of  hillebrandite,  whereas  the 
structure  of  p-Ca2Si04  has  been  well  studied(7*8).  It  is  possible,  however,  to 
deduce  the  hillebrandite  structure  qualitatively,  based  on  powder  XRD,  electron 
diffraction  and  microstructural  data  for  hillebrandite.  Our  previous  TEM 
study(2)  strongly  indicated  a  similarity  of  the  structure  and  microstructures 
between  hillebrandite  and  wollastonite,  especially  monoclinic  parawollastonite.  In 
terms  of  chemistry,  hillebrandite  (Ca2SiC>4*H20)  is  an  exact  compound  of 
wollastonite  (CaSi03)  and  portlandite  (Ca(OH)2). 

Lattice  Geometry 

Table  1  lists  the  crystallographic  data  of  parawollastoniteC9), 
portlanditeO0),  hillebranditeO1)  and  lamite(8)  from  the  literature.  Comparison  of 
the  lattice  geometries  among  them  gives  rise  to  the  following  results: 

(1)  The  hillebrandite  structure  could  be  a  composition  of 
parawollastonite  and  portlandite  adjoining  on  the  {001 }  planes.  The 
length  of  the  a  and  b  axes  of  hillebrandite  and  parawollastonite  are 
very  to  close  each  other.  The  length  of  the  c  axis  of  hillebrandite, 

1 1.788  A,  is  close  to  the  sum  of  the  c  axes  of  parawollastonite  and 
portlandite:  7.066  A  +  4.906  A  =  1 1.972  A.  Similar  relationship  can 
be  applied  to  their  unit  volumes  (Vz=i):  1 18.4  A3  versus  66.29  A3  + 


8 


54.82  A3  =  121.11  A3.  The  symmetry  of  parawollastonite  and 
hillebrandite  is  the  same  (#14,  P2j/a). 

(2)  Lamite  also  has  the  same  space  group  symmetry  (#14),  but  the 
lattice  was  described  in  a  different  crystallographic  orientation 
( P2j/n )  (Fig.  8),  where  the  b  axis  is  common;  the  a  axis  is  parallel  to 
the  c  axis  of  P2j/a ;  and  the  c  axis  is  parallel  to  the  [lOl]  direction  of 
P2i/a.W 

Atomic  Structures 

To  compare  the  atomic  structures,  Fig.  9  displays  the  [001]  and  [010] 
projections  of  parawollastonite  and  the  [010]  projections  of  portlandite  and 
larnite,  based  on  their  structural  refinement  data.(8-11)  For  clarity,  the  Si-0 
bonds  (/.e.,  Si04  tetrahedra)  and  O-H  bonds  are  marked.  The  relative  ionic  size 
of  each  element  is  not  strictly  applied  and  the  Ca2+  size  is  exaggerated  for 
emphasis  and  the  O2-  size  was  minimized.  The  solid  lines  indicate  the  projected 
unit  cell  of  each  structure. 

In  the  [001]  projection  of  parawollastonite,  the  single-chains  of  Si04 
tetrahedra  ("dreierketten")  running  parallel  to  the  b  axis  are  directly  noticeable. 
If  the  hillebrandite  structure  is  a  simple  composition  of  parawollastonite  and 
portlandite  on  {001}  planes,  the  prominent  {001}  cleavage  of  hillebrandite 
probably  results  from  the  inherent  cleavage  plane  of  portlandite,  dividing  the  OH 
layers  (designated  in  Fig.  9c). 

On  the  other  hand,  direct  comparison  of  the  [010]  projections  between 
parawollastonite  and  larnite  provides  several  important  pieces  of  information 
related  to  the  decomposition  of  hillebrandite  to  lamite: 

(1)  In  parawollastonite,  all  Ca  atoms  form  the  Ca  layers,  but  in 
lamite  only  half  of  the  Ca  atoms  form  the  Ca  layers.  The  other  half 
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of  the  Ca  atoms  in  lamite  are  located  directly  above  and  below  the 
Si04  tetrahedra. 

(2)  Assuming  that  the  Ca  layers  in  both  structures  are  parallel  to 
each  other,  their  lattice  correspondence  is  estimated  from  the 
projected  unit  cells  of  parawollastonite  (CaSiC>3  or  abbreviated  to 
CS)  and  lamite  ({J-Ca2Si04  or  abbreviated  to  P-C2S)  such  that: 

bcs  //  bp-c2S>  acs  H  ~  [102]p_c2S,  and  ccs  //  ~  [401]^2s 

(3)  The  Ca  atoms  not  forming  the  layers  in  lamite  are  so  close  to  the 
Si04  tetrahedral)  that  they  should  have  strong  bonding  with  the 
oxygen  atoms  of  SiC>4. 

If  the  hillebrandite  structure  is  a  composition  of  parawollastonite  and  portlandite, 
then  the  lattice  correspondence  deduced  above  between  parawollastonite  and 
lamite  should  also  be  true  for  hillebrandite  and  lamite. 

However,  a  more  quantitative  determination  of  the  hillebrandite  structure 
in  three  dimensions,  including  the  exact  positions  of  atoms  on  the  contact  plane  of 
parawollastonite  and  portlandite,  is  quite  difficult  without  more  direct 
experimental  data.  It  is  even  not  certain  whether  hillebrandite  really  has  its  own 
structure  or  not.  Instead  of  the  fixed  structure  suggested  above,  hillebrandite  may 
be  composed  of  several  layers  of  wollastonite  and  several  layers  of  portlandite  in 
a  stoichimetric  manner  such  that  the  total  number  of  both  layers  is  the  same. 

IV.2.  Decomposition  Mechanism 
Decomposition  of  Portlandite 

Considering  the  proposed  structure  of  hillebrandite,  its  decomposition 
process  is  expected  to  be  closely  related  to  the  decomposition  of  portlandite 
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(Ca(0H)2).  Quite  extensive  studies  have  been  done  on  the  decomposition  of 
portlanditeO3-18)  and  its  isostructural  material,  particularly  brucite(Mg(OH)2)(19* 
22).  In  general,  three  decomposition  steps  have  been  proposedO6):  (i)  formation 
of  H2O  molecules  from  OH-  ions;  (ii)  elimination  of  the  H2O  molecules  from  the 
structure  of  the  hydroxide;  and  (iii)  transformation  of  the  hydroxide  structure 
into  the  oxide  structure.  The  decomposition  temperature  of  portlandite  is 
reported  to  be  about  450°C  in  air  and  about  230°C  in  a  vacuum  of  10-6  mm 
Hg.O4)  Before  any  loss  of  water,  a  contraction  of  the  layers  was  observed  and  the 
resulting  distortion  and  disorientation  of  the  layers  to  accommodate  the  newly 
created  defects  was  reported. (I6*!7) 

The  decomposition  of  portlandite  by  electron  beam  heating  showed  two 
stages  of  change  in  terms  of  SADP'sO3):  (i)  at  the  initial  stage  the  spots  of 
Ca(OH)2  split  into  two  sets;  (ii)  on  further  heating  one  set  of  spots  belonging  to 
Ca(OH)2  disappeared  and  the  other  set  belonging  to  CaO  remained.  The 
decomposed  CaO  showed  a  topotactic  relationship  with  the  undecomposed 
Ca(OH)2.  Formation  of  a  porous  microstructure  was  noticed  in  the  decomposed 
CaO(15>18),  but  studied  in  more  detail  for  the  decomposed  MgO  using 
TEM(  19,21,22). 

Basically  two  different  mechanisms  responsible  for  the  porous 
microstructure  in  MgO  have  been  proposed.  The  first  mechanism,  so-called  the 
homogeneous  mechanism,  involves  two  stages  of  microstructural  generation O9): 
(i)  a  small  shrinkage  of  the  basal  plane  due  to  the  homogeneous  formation  of  H2O 
molecules  from  OH-  ions,  which  causes  a  maze  of  cracks  in  the  crystal;  and  (ii)  a 
collapse  of  the  basal  plane  that  results  in  the  formation  of  porous, 
microcrystalline  MgO.  The  second  mechanism  is  related  to  a  nucleation  and 
growth  process  to  form  the  microstructure  of  MgO.(21>22)  MgO  nuclei  formed 
coherently  with  the  Mg(OH)2  matrix  introduce  large  strains  and  cause  extensive 


fissuring  of  the  matrix  before  all  water  was  expelled.  This  second  mechanism 
well  explains  the  small  crystallite  size  of  MgO  as  well  as  the  observed  shift  of 
MgO  spots  in  SADP's,  which  indicates  a  gradual  decrease  of  the  Mg-Mg  distance 
during  the  decomposition  process. 


Decomposition  of  Hillebrandite 

Although  the  decomposition  mechanism  of  hillebrandite  is  expected  to 
resemble  the  portlandite  decomposition,  there  must  be  some  differences,  since 
hillebrandite  fibers  inherently  have  a  different  structure  and  microstructure  from 
those  of  portlandite.  The  characteristic  SiC>4  chains  and  numerous  linear  defects 
parallel  to  the  fiber  axis  may  constrain  the  real  decomposition  behavior  of 
hillebrandite  fibers.  The  wide  range  of  decomposition  temperature,  which  was 
previously  reported  as  500°  ~  660°CO),  but  which  appeared  to  be  much  wider  in 
this  study,  may  reflect  the  inhomogeneous  nature  of  the  decomposition  process. 

While  the  decomposition  of  portlandite  produces  microcrystalline  CaO  as  a 
final  step,  the  decomposition  of  hillebrandite  requires  one  more  important  step. 
In  hillebrandite,  the  decomposed  CaO  from  portlandite  is  expected  to  directly 
participate  in  the  process  of  Si04  chain  breaking  to  form  lamite.  In  this  case  the 
bridging  oxygens  of  Si04  should  first  be  released  and  form  independent  Si04 
tetrahedra  with  the  supply  of  oxygens  from  the  decomposed  portlandite  layers. 
As  seen  in  the  [010]  projection  of  the  larnite  structure  (Fig.  9d),  the  strong 
bonding  between  Ca  and  0  in  larnite  seems  to  reflect  this  decomposed  CaO  that 
participates  in  the  Si04  chain  breaking  process.  Due  to  the  Si-0  bond  breaking, 
the  hillebrandite  decomposition  needs  to  overcome  a  high  energy  barrier.  In 
addition,  the  stoichmetric  requirement,  Ca:Si  =2:1,  seems  to  also  limit  the  range 
and  completion  of  the  decomposition  process  for  individual  fibers.  The  presence 
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of  undecomposed  hillebrandite,  the  L  phase,  the  S  phase  and  larnite  in  the 
furnace-heated  powders  illustrates  the  complexity  of  the  real  process. 

The  L  Phase 

The  [001]  SADP  and  the  image  shown  in  Fig.  2  suggest  that  the  structure  of 
the  L  phase  should  be  very  similar  to  the  hillebrandite  structure  having  the  same 
fiber  b  axis.  Surveying  candidates  from  different  calcium  silicate  hydrates  results 
in  one  possible  phase  whose  structure  is  still  unknown  but  the  chemistry  is  known 
as  Ca2Si04  •  2-4  H2O.  The  positions  and  intensities  of  the  major  XRD  peaks 
(JCPDS  #11-211)  generally  resemble  those  of  hillebrandite^  0  and  the  largest  d- 
spacing  listed  is  9.8  A  which  is  close  to  the  observed  value,  9.89  A. 

This  phase  may  be  accidentally  formed  during  the  synthetic  process,  or 
formed  by  further  hydration  of  hillebrandite  in  air  later.  The  occurrence  of  this 
phase  in  the  unheated  sample  and  the  disappearance  of  this  phase  at  600°C  by  in 
situ  TEM  heating  support  this  idea.  However,  precipitation  of  the  H  20-rich  L 
phase  along  the  linear  defects  of  hillebrandite  on  heating  is  also  possible, 
considering  the  presence  of  this  phase  in  specimens  taken  from  the  500°C-  and 
600°C-heated  powders  and  the  availability  of  water  molecules  from  the 
decomposed  portlandite  at  this  temperature. 

The  S  Phase 

The  [001]  SADP  and  the  image  shown  in  Fig.  3  suggest  that  the  structure  of 
the  S  phase  is  also  similar  to  the  hillebrandite  structure.  Since  this  phase  has  been 
observed  in  specimens  taken  from  powders  furnace-heated  at  700°C,  the  S  phase 
should  be  a  dehydrated  phase  or  at  least  a  H20-poor  calcium  silicate  phase.  The 
distinct  lateral  shrinkage  of  the  fiber  at  700°C  observed  from  the  in  situ  TEM 
study  suggests  that  the  dehydration  is  accompanied  possibly  by  a  distortion  or 
rearrangement  of  the  previous  lattice.  The  gradual  development  of  the  S  phase  at 


the  expense  of  hillebrandite  strongly  indicates  a  nucleation  and  growth  process, 
probably  along  the  linear  defects  in  hillebrandite  (refer  to  Fig.  3d).  Among  the 
FfcO-poor  calcium  silicate  hydrates,  however,  no  compound  shows  a  close  match 
to  this  S  phase.  The  dellaite,  6Ca0*3Si04*H20,  which  is  known  to  be  a  stable 
phase  above  800°C  at  moderate  water  pressure(23),  would  be  a  good  candidate. 
But  the  reported  d-spacing  of  dellaite  does  not  match  well  with  the  experimental 
data  of  the  S  phase. 

Su’prisingly  enough,  parawollastonile  matches  as  one  possible  phase  for  the 
S  phase,  because  its  [001]  SADP  is  similar  to  that  of  hillebrandite  and  the  d- 
spacing  of  the  (200)  plane  is  about  7.7  A,  which  is  close  to  the  observed  value  of 
7.64  A.  Two  supporting  pieces  of  evidence  for  this  identification  are:  (i)  no 
further  changes  in  SADP  and  morphology  occurs  even  at  900°C-heating,  which 
indicates  that  the  S  phase  is  stable  above  800°C;  (ii)  the  simultaneous  appearance 
of  the  cube-shaped  crystallites  and  the  S  phase,  and  their  simultaneous  growth 
with  increasing  temperature  (Fig.  6).  If  these  crystallites  are  CaO  formed  from 
the  decomposition  of  the  portlandite  layer  in  hillebrandite,  the  appearance  and 
growth  of  both  wollastonite  and  CaO  should  be  simultaneous.  However,  since  the 
chemistry  of  the  S  phase  and  the  crystallite  phase  have  not  been  examined,  this 
identification  is  still  tentative. 


Larnite  from  the  Synthetic  Hillebrandite 

The  previous  XRD  study(14)  clearly  indicates  that  the  decomposition 
temperature  of  portlandite  in  a  vacuum  is  much  lower  than  in  air.  The  same  trend 
is  expected  for  the  decomposition  of  hillebrandite.  Our  experimental  results, 
however,  are  contrary  to  this  expectation,  even  though  the  in  situ  TEM  results 
are  difficult  to  generalize.  There  are  two  possible  explanations  for  this 
discrepancy.  First,  the  decomposition  route  in  air  and  in  a  vacuum  may  be 
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different.  In  air,  the  decomposed  CaO  from  portlandite  directly  participates  in 
the  formation  of  lamite.  On  the  other  hand,  in  the  TEM  this  decomposed  CaO  is 
removed  and  reprecipitated,  so  that  hillebrandite  converts  directly  to 
parawollastonite.  Second,  there  may  be  a  microstructural  change  upon  the 
decomposition  of  the  portlandite  layer,  which  inhibits  the  decomposition  of 
hillebrandite  to  larnite.  Considering  the  porous  microstructures  of  the 
decomposed  CaO  and  MgO,  a  plausible  microstructure  is  strain-related 
microcracking  of  the  hillebrandite  matrix,  although  no  direct  evidence  is 
available.  It  is  frequently  reported  that  a  smaller  grain  size  tends  to  prevent  the 
expected  phase  transformations  in  material. (4>24)  In  this  case  the  S  phase  should 
be  a  H20-poor  dicalcium  silicate  phase  with  microcracks.  Further  investigation  is 
needed  to  test  these  possibilities. 

The  morphology  and  microstructures  of  larnite  should  reflect  its 
decomposition  process.  The  fibrous  forms  in  larnite  suggest  that  the  overall 
structural  integrity  of  hillebrandite  was  not  severely  modified  by  decomposition, 
even  though  the  silica  chains  were  broken.  As  expected  from  the  [010]  projections 
of  parawollastonite  and  lamite  shown  in  Fig.  9,  however,  the  decomposition  of 
hillebrandite  to  larnite  is  probably  not  exactly  topotactic.  The  theoretically 
expected  lattice  correspondence,  shown  in  the  [010]  stereoprojection  of  Fig.  10, 
predicts  the  c  axis  of  hillebrandite  to  be  approximately  parallel  to  the  [401] 
direction  of  larnite.  This  requires  about  13°  clockwise  rotation  of  the 
hillebrandite  structure  along  the  b  axis.  Although  the  experimentally  observed 
orientations  of  larnite  (refer  to  the  Results  section)  are  scattered,  they  have  some 
tendency  to  lie  on  the  plane  perpendicular  to  the  [401]  orientation.  The 
scatterring  of  data  is  probably  due  to  the  drifting  and  bending  of  hillebrandite 
fibers  during  the  heating. 
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Numerous  internal  defects  in  lamite  may  also  originate  from  this  structural 
change,  especially  from  the  breaking  process  of  silica  chains  in  hillebrandite. 
Alternatively,  these  defects  may  be  a  remnant  of  microstructures  produced 
during  the  decomposition  process  of  portlandite  mentioned  above. 

These  microstructures  of  the  fibrous  lamite  (P-Ca2SiC>4)  are  obviously 
different  from  the  microstructures  of  the  equiaxial  p-Ca2Si04  formed  by 
conventional  or  chemical  methods/4*5)  The  lack  of  transformation-related 
microstructures  such  as  twinning  indicates  the  low  temperature  synthesis  of 
larnite  without  any  polymorphic  transformations.  The  presence  of  domain 
microstructures  within  the  larnite  fiber,  shown  in  Fig.  3D,  may  reflect  the 
inherent,  ferroelastic  nature  of  {S-Ca2SiC>4,  which  was  studied  in  more  detail  in  p~ 
Ca2SiC>4  formed  by  conventional  or  chemical  methods/5) 


V.  CONCLUSION 

The  decomposition  mechanism  of  hillebrandite  (Ca2Si04*H20)  was  studied 
mainly  by  conventional  and  in  situ  hot-stage  TEM  methods.  Furnace-heating  of 
hillebrandite  fibers  at  700°C  in  air  mostly  resulted  in  larnite  (P-Ca2SiC>4)  fibers 
which  showed  occasional  bending  and  kinking  as  well  as  internal  defects  such  as 
dislocations  and  domains.  In  contrast  to  the  hillebrandite  fibers  which  lay  mostly 
on  the  {001 }  cleavage  planes,  the  preferred  orientations  in  the  lamite  fibers  were 
not  distinct. 

The  in  situ  TEM  heating  study  to  observe  the  direct  convertion  from 
hillebrandite  to  lamite  was  mostly  unsuccessful.  Instead  of  larnite,  in  situ  heating 
sometimes  produced  another  phase  whose  structure  is  similar  to  the  hillebrandite 
structure  but  has  a  smaller  d-spacing  for  the  (200)  plane,  =  7.64  A,  than  that  of 


16 


hillebrandite,  =  8.30  A.  This  phase  was  stable  even  at  900°C  heating.  Tentative 
identification  of  this  phase  is  parawollastonite. 

Based  on  the  theoretical  consideration  and  the  experimental  results,  the 
hillebrandite  structure  is  suggested  to  be  a  composition  of  parawollastonite 
(CaSi(>3)  and  portlandite  (Ca(OH)2)  adjoining  on  the  (001 }  planes.  Therefore, 
the  hillebrandite  decomposition  is  also  suggested  to  be  closely  related  to  the 
portlandite  decomposition.  In  hillebrandite,  the  decomposed  CaO  from  the 
portlandite  layer  is  expected  to  directly  participate  in  the  process  of  SiC>4  chain 
breaking  to  form  lamite.  A  possible  lattice  correspondence  between  hillebrandite 
(C2SH)  and  lamite  (P-C2S)  is  proposed  to  be: 

b.C2SH  //  bp-C2S,  ac2SH  //  ~  [102]p_c2S>  and  £C2SH  H  ~  [40 1  ]p-C2S- 

The  decomposition  route  of  hillebrandite  in  air  and  in  a  vacuum  may  be 
different.  In  air,  the  decomposed  CaO  from  the  portlandite  layer  directly 
participates  in  the  formation  of  larnite.  In  the  TEM  this  decomposed  CaO  is 
removed  and  reprecipitated,  so  that  hillebrandite  converts  directly  to 
parawollastonite. 

The  microstructures  of  the  fibrous  larnite  formed  by  decomposition  of 
hillebrandite  are  obviously  different  from  the  microstructures  of  the  equiaxial 
lamite  formed  by  conventional  or  chemical  methods.  The  lack  of  transformation- 
related  microstructures  such  as  twinning  indicates  the  low  temperature  synthesis  of 
lamite  without  any  polymorphic  transformations. 
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Table  1 .  Crystallographic  data  for  major  materials  investigated  in  this  study. 


Mineral 

Name 

Para- 

wollastonite 

Portlandite 

Hillebrandite 

Lamite 

Chemical 

Formula 

CaSi03 

Ca(OH)2 

Ca2Si04«H20 

Ca2Si04 

Space 

Group 

P2j/a 

P3ml 

P2]/a 

P2]/n 

12 

1 

12 

4 

Lattice 

Parameters 

a  =  15.426  A 
b  =  7.320  A 
c  =  7.066  A 

P  =  94.40° 

V  =  795.53  A3 
Vz=i  =  66.29  A3 

a  =  3.592  A 
c  =  4.906  A 

V=  54.82  A 3 

a  =  16.588  A 
b  =  7.267  A 
c=  11.788  A 

P  =  90.23° 

V=  1420.97  A3 
Vz=i  =  118.4  A3 

a  =  5.502  A 
b  =  6.745  A 
c  =  9.297  A 

P  =  94.59° 

V  =  343.91  A 
Vz=i  =  85.98  A3 

Reference 

9 

10 

11 

12 

Figure  Captions 


FIG.  1.  (a)  Morphology  and  (b)  the  [001]  SADP  of  an  undecomposed 
hillebrandite  fiber  taken  from  the  700°C  furnace-heated  sample. 

FIG.  2.  A  new  phase  occurring  with  hillebrandite  from  the  600°C  furnace-heated 
powders:  (a)  The  [001]  SADP  and  (b)  the  corresponding  image  of  a  fiber.  Along 
the  a*  direction,  one  of  the  extra  spots  near  the  (200)hiiiebrandite  is  arrowed  in  (a). 
A  weak  reflection  at  the  (020)  position  of  hillebrandite  is  also  arrowed  in  (a). 

FIG.  3.  A  new  phase  occurring  with  hillebrandite  from  the  700°C  furnace-heated 
powders:  (a)  the  [001]  SADP  and  (b)  the  corresponding  image  of  a  fiber  Along 
the  a*  direction,  one  of  the  extra  spots  near  the  (200)hiilebrandite  is  arrowed  in  (a). 
A  band  of  a  new  phase  within  the  undecomposed  hillebrandite  is  also  arrowed  in 
(b). 

FIG.  4.  Microstructures  of  0-Ca2SiO4  fibers:  (a)  bending  and  (b)  kinking  or 
knotting  of  fibers  as  well  as  (c)  dislocations  and  (d)  domains  within  a  fiber. 

FIG.  5.  SADP's  of  P-Ca2SiC>4  fibers  in  two  orientations,  (a)  [100]  and  (b)  [101], 
which  are  frequently  observed. 

FIG.  6.  The  [001]  SADP's  and  the  corresponding  images  from  the  in  situ  TEM 
heating  study  of  a  hillebrandite  fiber  heated  up  to  900°C  ((a)  to  (1)).  A  newly 
appeared  spot  near  the  (200)hillebrandite  in  the  SADP's  and  a  cube-like  precipitate 
in  the  images  are  arrowed. 

FIG.  7.  The  images  and  SADP's  of  a  fiber  which  is  unheated,  (a)  and  (b),  and 
700°C-heated  inside  the  TEM,  (c)  and  (d). 

FIG.  8.  Two  different  lattice  choices  for  space  group  symmetry  (#14):  (a)  P2j/a 
(b)  P2]/n.  Note  the  interchange  of  the  a  and  c  axes. 


FIG.  9.  (a)  The  [001]  and  (b)  [010]  projections  of  parawollastonite;  (c)  the  [010] 
projections  of  portlandite;  and  (d)  the  [010]  projections  of  larnite.  The  Si-0 
bonds  and  O-H  bonds  are  marked.  The  Ca2+  size  is  exaggerated  for  emphasis  and 
the  O2-  size  was  minimized.  The  solid  lines  indicate  the  projected  unit  cell  of  each 
structure. 

FIG.  10.  The  [010]  stereoprojection  showing  the  theoretically  expected  lattice 
correspondence  between  hillebrandite  (open  square)  and  larnite  (solid  square). 
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FIG.  4.  Microstructures  of  |3-Ca2Si04  fibers:  (a)  bending  and  (b)  kinking  or 
knotting  of  fibers  as  well  as  (c)  dislocations  and  (d)  domains  within  a  fiber. 
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which  are  frequently  observed. 


FIG.  6.  The  [001]  SADP's  and  the  corresponding  images  from  the  in  situ  TEM 
heating  study  of  a  hillebrandite  fiber  heated  up  to  900°C  ((a)  to  (1)).  A  newly 
appeared  spot  near  the  (200)hillebrandite  in  the  SADP’s  and  a  cube-like 
precipitate  in  the  images  are  arrowed. 
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and  O-H  bonds  are  marked.  The  Ca2+  size  is  exaggerated  for  emphasis  and  the 
O2’  size  was  minimized.  The  solid  lines  indicate  the  projected  unit  cell  of  each 
structure. 


FIG.  10.  The  [010]  stereographic  projection  showing  the  theoretically  expected 
lattice  correspondence  between  hillebrandite  (open  squares)  and  lamite  (solid 
squares). 
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ABSTRACT 

The  forward  (alpha  to  beta)  and  reverse  transformation  characteristics  of  NiS  have  been  studied  using  the  hot-stage  x-ray 
diffraction,  hot  stage  optical  microscopy,  dilatometry,  and  electrical  resistivity  measurements.  The  hot-stage  x-ray 
diffraction  patterns  confirmed  the  structural  change-from  beta  to  alpha  during  the  heating  cycle  and  alpha  to  beta  during 
the  cooling  cycle.  The  structural  change  of  NiS  was  observed  as  surface  relief  through  hot  stage  optical  microscopy. 
Both  the  dilatometry  and  resistivity  measurements  revealed  a  large  hysteresis,  spanning  a  temperature  range  of 
approximately  200°  C.  The  shape  of  the  hysteresis  resembled  those  found  in  martensitic  materials  and  shape  memory 
alloys.  Also,  from  the  dilatometry  measurements,  the  volume  change  associated  with  the  transformation  was  calculated 
to  be  approximately  4.7%.  All  experimental  results  appear  to  fit  the  characteristics  of  a  martensitic  transformation. 


1.  INTRODUCTION 

In  the  Ni-S  binary  system,  many  compounds  exist  at  various  compositions.  At  35.33  weight  percent  sulfur,  the 
compound  NiS  is  the  stable  phase,  where  the  atomic  ratio  for  nickel  to  sulfur  is  1:1.  The  low  temperature  phase  is  the 
beta  phase,  commonly  called  millcrite.  This  phase  has  a  rhombohedral  crystal  structure,  with  three  nickel  and  three 
sulfur  atoms  per  unit  cell.  The  structure  of  milleritc  was  first  recognized  by  Alsen  [1]  and  Kolkmeijer  A  Moesveld  (2). 
The  high  temperature  phase  is  the  alpha  phase,  and  it  has  a  hexagonal  crystal  structure  with  two  nickel  atoms  per  unit 
cell.  Millerite  has  an  unusual  five-fold  coordination  of  the  Ni  atoms  by  S  atoms,  whereas  alpha  NiS  has  a  six-fold 
coordination  of  the  Ni  atoms  by  S  atoms.  The  five-fold  coordination  requires  less  bonding  energy  to  form  than  the  six¬ 
fold  coordination,  which  is  the  reason  why  millerite  is  the  stable  phase  in  nature  [3]. 

It  was  reported  that  "artificially  made"  stoichiometric  NiS  transforms  from  beta  to  alpha  at  approximately  396*  C  during 
heating  [4].  The  forward  transformation  occurs  during  cooling  at  approximately  350*  C  [4],  This  transition  is  first  order, 
exhibiting  considerable  hysteresis  which  spans  a  temperature  range  of  approximately  50  degrees.  The  volumo  change 
accompanying  the  transformation  is  approximately  4%  [5].  There  is  a  volume  increase  during  the  forward  inversion  and  a 
volume  decrease  during  the  reverse.  Due  to  the  large  volume  discrepancy,  micro-cracks  aro  introduced  during  the 
transformations.  These  may  be  undesirable  for  potential  practical  applications,  Besides  the  volume  change,  thero  an  also 
changes  In  electrical  and  magnetic  properties  during  the  transformation  [6]. 

Recently,  NiS  ceramics  became  of  interest  to  many  people  because  of  Its  reversible  transformation  at  a  relatively  low 
temperature  span.  It  was  suggested  that  this  material  can  be  used  as  a  transformation  toughener  in  composites  based  on 
its  tempemturo  conversion  from  beta  to  alpha  NiS  at  379"  C  [7],  It  is  behoved  that  NiS  has  many  of  the  characteristics 
of  zircon. a,  commonly  used  as  a  transformation  toughener  for  composite  materials.  By  now,  the  mechanism  of 
transformation  toughening  with  zlrconla  is  somewhat  well  understood.  The  constrained  airconia  panicles  in  a  ceramic 
undergo  a  martensitic  transformation  due  to  stress  fields  close  to  the  crack  tips.  As  Urn  airconia  panicles  absorb  dm 
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energy,  energy-deficient  crack  tips  no  longer  propagate  through  the  matrix.  If  NiS  can  perform  the  same  functions  as 
zircon ia,  it  will  have  many  applications,  which  is  the  main  reason  for  studying  this  compound 

In  order  to  determine  whether  NiS  is  a  potential  candidate  for  a  transformation  toughener,  basic  mechanisms  of  the 
transformation  must  be  understood.  The  first  condition  NiS  must  meet  is  that  it  has  to  undergo  a  martensitic 
transformation.  Secondly,  this  martensitic  transformation  must  be  able  to  be  produced  from  induced  stress.  Up  to  date, 
no  one  has  studied  and  identified  the  NiS  transformation  mechanism.  Therefore,  in  order  to  elucidate  this,  the  following 
experiments  were  performed  (a)  hot  stage  x-ray  diffraction,  (b)  optical  hot  stage  microscopy,  (c)  electrical  resistivity 
measurements  and  (d)  dilatometry  measurements. 


2.  EXPERIMENTAL  PROCEDURE 

Equal  atomic  ratios  of  Ni  and  S  powders  were  sintered  in  evacuated  quartz  tubes.  For  most  runs,  3  mm  (I.  D.)  by  l.S 
mm  (wall  thickness)  quartz  tubes  were  used.  The  wall  thickness  was  crucial  because  high  vapor  pressures  of  sulfur 
during  sintering  can  explode  the  tube.  Furthermore,  the  atmosphere  in  the  tube  was  minimized  in  order  to  control  the 
loss  of  sulfur  through  vaporization.  In  general,  the  charge  was  sintered  at  700°  C  for  48  hrs,  1000°  C  for  2  hrs,  and  900° 
C  for  96  hrs,  successively.  Slow  furnace  cooling  was  utilized  to  obtain  beta  NiS.  For  alpha  NiS,  the  temperature  was 
first  reduced  to  700°  C  and  left  at  that  temperature  for  24  hours,  followed  by  a  quench  in  cold  water.  After  each  sample 
was  sintered,  a  powder  x-ray  diffraction  test  was  performed  to  determine  the  nature  of  the  specimen.  In  most  cases,  only  a 
single  phase  was  present 

A  Philips  x-ray  diffractometer  unit  with  a  copper  target  was  used  at  40  kV  and  10  mA  for  powder  NiS  x-ray  diffraction. 
Specimens  were  scanned  at  a  rate  of  5  degVmin  in  the  28  range  of  15  to  65  degrees.  For  hot  stage  x-ray  diffraction 
experiments,  a  Rigaku  unit  was  used  in  conjunction  with  a  hot  stage.  A  diffusion  pump  vacuum  system  was  attached  to 
the  hot  stage  to  avoid  possible  oxidation  during  heating  cycles.  Parameters  were  similar  to  the  ones  described  pre  viously. 
The  temperature  range  of  thermal  cycling  was  from  25°  C  to  400°  C.  The  heating  rate  was  approximately  10  dcgVmin. 

For  hot  stage  optical  microscopy,  one  polished  slice  (approx.  3  mm  X  3  mm  X  0.05  mm)  was  put  in  the  hot  stage  at  a 
time,  which  was  set  up  with  a  Nikon  microscope.  The  Nomarski  interference  contrast  system  on  the  Nikon  microscope 
was  utilized  in  order  to  see  the  surface  relief,  as  specimens  were  heated  and  cooled  through  the  transformation 
temperatures.  The  heating  rate  was  approximately  30  deg^min,  whereas  the  cooling  rate  was  approximately  10  dcgTmin. 
For  viewing  the  specimen  in  the  hot  stage,  a  magnification  of  100  times  was  normally  used.  For  experimental 
procedures  on  electrical  resistivity  and  dilatometry  measurements,  see  reference  [8]. 


3.  RESULTS  &  DISCUSSION 


3.1  Hot  Stage  X-Ray  Diffraction 

Figure  1  illustrates  the  results  from  heating  and  cooling  cycles  for  alpha 
NiS, the  high  temperature  phase.  The  alpha  phase  was  "frozen"  by 
quenching  in  cold  water  from  750°  C  after  sintering.  The  thermal  cycle 
spanned  a  temperature  range  of  25°  C  to  approximately  400°  C.  At 
room  temperature,  only  alpha  peaks  were  present  during  the  20 
scanning  from  15  to  60  degrees.  At  approximately  200°  C,  some  beta 
peaks  were  observed,  and  at  the  same  time,  alpha  peaks  decreased  in 
intensity.  Since  alpha  NiS  is  unstable  at  this  temperature,  the 
presence  of  beta  peaks  is  not  a  surprise.  In  nature,  the  five-fold 
coordination  in  beta  NiS  requires  less  bonding  energy  to  form  than  the 
six-fold  coordination  in  alpha  NiS,  which  is  the  reason  why  millerite  is 
the  stable  phase  at  temperatures  such  as  200°  C.  Upon  further  heating, 
beta  peaks  started  to  disappear  while  alpha  peaks  were  increasing  in 
intensity.  The  alpha  peaks  at  400°  C  were  almost  identical  to  those  at 
25°  C,  which  indicated  that  the  retained  phase  at  room  temperature  was 
a  single  phase  alpha  NiS.  With  increasing  temperatures,  the  free  energy 
barrier  was  overcome,  enabling  the  change  from  a  five-fold  into  a  six¬ 
fold  coordination.  The  main  driving  force  in  this  case  is  the  thermal 
energy.  During  the  cooling  cycle,  both  alpha  and  beta  peaks  were 
observed.  Even  at  room  temperature,  x-ray  diffraction  readings  showed 
both  alpha  and  beta  peaks.  This  was  caused  by  an  "improper”  cooling 
rate.  When  a  proper  cooling  rate  (less  than  10®  C/min)  was  used,  only 
beta  peaks  were  obtained  at  room  temperature. 
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Fig.  1  -  Hot  stage  x-ray  results  from  heating 
and  cooling  cycles  for  alpha  NiS. 


For  NiS,  the  cooling  rate  from  400°  C  must  be  about  10°  C/min  or  lower  if  the  forward  transformation  is  to  occur.  At 
cooling  rates  greater  than  30°  C/min,  alpha  NiS  will  be  retained  at  room  temperature.  This  behavior  is  not  common  in 
martensitic  materials  because  they  normally  transform  athermally.  According  to  Cohen  [9],  "A  martensite  transformation 
cannot  be  suppressed  by  quenching:  the  fastest  cooling  rates  hitherto  achieved  (approx.  18,000°  C/sec.)  have  shown  no 
indication  of  being  able  to  avoid  the  reaction  or  of  appreciably  lowering  the  temperature,  M$,  at  which  it  starts.”  For 
instance,  martensite  transformations  rapidly  come  to  a  halt  when  the  rate  of  cooling  or  heating  is  brought  to  zero,  and  the 
transformation  process  is  resumed  only  if  the  temperature  change  is  resumed.  Surprisingly,  some  iron  alloys,  such  as 
Fe-C-Mn  [10]  and  Fe-Ni-Mn-C  [11]  follow  C-curve  behavior  where  the  martensitic  reaction  can  actually  be  suppressed  by 
fast  cooling.  Moreover,  a  substantial  amount  of  martensite  can  be  formed  isothermally  on  holding  at  the  quenching 
temperature.  Like  these  alloys,  a  slow  cooling  rate  is  required  for  NiS  in  order  for  the  forward  reaction  to  occur. 
Therefore,  the  possibility  of  classifying  as  a  martensitic  transformation  for  NiS  is  not  ruled  out 

3 2  Hot  Stage  Optical  Microscopy 

The  phase  transformation  behavior  was  also  investigated  using  in-situ  hot  stage  optical  microscopy.  With  the  aid  of 
Nomarski  interference  contrast  it  is  possible  to  see  very  minute  roughness  changes  during  transformations.  At  an 
appropriate  grain  orientation,  phase  fronts  were  seen  passing  swiftly  through  the  whole  grain,  or  sometimes  the  new 
phcse  nucleated  and  grew  scatteringly  in  the  matrix  (they  showed  different  contrast)  and  surface  upheavals  were  revealed. 
In  Fig.  2.  photomicrographs  of  beta  NiS  (specimen  #33)  during  thermal  cycling  in  the  hot  stage  are  illustrated.  All  were 
taken  using  polarized  light  Figure  2A  shows  three  large  grains  of  beta  NiS  at  room  temperature.  Upon  heating,  surface 
relief  began  to  appear  at  381°  C,  as  shown  in  Fig.  2B.  This  one  showed  clear  variants  within  a  single  grain.  With 
further  heating,  the  microstructure  began  to  appear  dull  and  almost  monochrome,  as  shown  in  lug.  2C.  In  this  figure, 
micro-cracks  are  illustrated,  which  were  caused  by  a  large  volume  change  during  the  reverse  transformation.  By 
comparing  with  the  hot  stage  x-ray  results,  it  was  concluded  that  the  microstructure  shown  in  Fig.  2C  was  alpha  NiS. 
During  cooling,  a  change  in  the  microstructure  was  noted  at  311°  C,  where  indications  of  beta  NiS  were  observed. 
Figure  2D  illustrates  a  photomicrograph  taken  at  221°  C,  which  resembles  that  in  Fig.  2A.  Specimen  #33  was 
thermally  cycled  four  times,  and  the  results  were  very  consistent;  complete  reversibility  was  always  noted  during  thermal 
cycling. 

More  surface  reliefs  are  shown  in  Fig.  3,  which  were  the  direct  result  of  beta  to  alpha  transformation  during  heating.  As 
shown  in  Fig.  3  and  Fig.  2B,  clear  cut  variants  are  illustrated,  indicating  that  well  defined  habit  planes  were  present 
during  the  transformation.  However,  it  was  not  common  to  see  this  behavior  in  all  transformations.  In  fact,  it  was  only 
about  20%  of  the  time  that  results  such  as  Fig.  3  and  Fig.  2B  were  observed.  During  the  other  80%,  surface  relief  such 
as  those  at  the  bottom  of  Fig.  2C  were  observed.  This  phenomenon  resulted  because  in  order  to  see  clear-cut  variants  in 
NiS,  the  grain  orientation  must  have  a  special  relation  to  the  viewing  direction.  This  can  be  further  explained  by 
analyzing  Fig.  2B.  As  mentioned  previously,  this  photomicrograph  contained  three  large  grains  of  beta  NiS  prior  to 
thermal  cycling.  Although,  these  grains  are  from  the  same  sample,  the  morphology  of  each  is  very  different.  The  grain 
to  the  far  right  shows  well  defined  variants,  whereas  the  grain  near  the  bottom  does  not  show  prominent  surface  relief. 
Without  "correct”  grain  orientations,  well  defined  crystallographic  features  are  not  observed  in  the  microstiucture. 

3.3  Interference  Microscopy 

Figure  4A  illustrates  a  large  grain  containing  two  bands  of  surface  relief  as  a  result  of  beta  to  alpha  transformation.  In 
this  photomicrograph,  alpha  NiS  surface  relief  is  shown  as  dark  bands  within  a  light  beta  NiS  grain.  This  was  taken  as 
soon  as  the  first  surface  relief  started  to  appear,  in  order  to  isolate  the  parent  and  product  phase.  Unlike  the  others,  the 
initial  transformation  temperature  was  found  to  be  361°  C,  which  is  somewhat  lower.  The  Interference  micrograph 
corresponding  to  part  of  Fig.  4A  is  shown  in  Fig.  4B.  The  fringe  pattern  in  Fig.  4B  indicates  that  both  surface  reliefs 
have  the  same  tilt  due  to  same  habit  plane  variant.  The  displacement  between  the  parent  and  product  phase  is  shown  by 
zig-zag  fringes.  A  definite  fringe  shift  can  be  seen,  which  appears  to  bo  characterized  as  an  invariant-plane  strain  [12]. 
These  characteristics  are  commonly  found  in  typical  martensites.  In  Fig.  4A,  the  scratches  (shown  as  white  lines) 
running  perpendicular  to  the  beta  NiS  grain  were  not  affected  by  surface  relief.  If  the  scratches  were  deflected  at  the 
surface  relief  interface,  then  this  would  indicate  shearing  in  tho  perpendicular  direction  to  the  the  viewing  direction.  It  is 
clear  that  the  zig-zag  fringe  behavior  in  Fig.  4B  confirms  tilting.  From  these  findings,  it  can  be  said  that  shearing  must 
have  occurred  approximately  in  the  direction  parallel  to  the  viewing  direction. 

3.4  Electrical  Resistivity  Measurements 

Figure  5  Illustrates  the  results  from  electrical  resistivity  measurements  during  tho  first,  third,  and  seventh  thermal  cycles 
of  beta  NiS.  The  unit  for  resistance  is  arbitrary,  After  the  seventh  thermal  cycle,  the  specimen  fractured  and  no  more 
data  was  obtained.  Forward  and  rovorse  transformations  were  characterised  by  a  sharp  increase  and  decrease  tn  resistivity, 
respectively.  During  the  first  heating  cycle,  two  sharp  transition  points  were  noted.  There  was  a  sharp  increase  in 
resistance  starting  at  330°  C  and  a  sharp  docreaso  starting  at  about  383*  C,  Moreover,  during  the  first  coohrtg  cycle,  there 
was  a  sharp  decrease  in  resistance  starting  at  330*  C. 
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Fig.  2  -  Photomicrographs  of  beta  NiS  during  thermal 


cycling  in  the  hot  stage. 


Fig.  3  -  Photomicrograph  of  beta  NiS  during  thermal 
cycling,  illustrating  alpha  surface  relief. 


During  heating  cycle  #3,  there  was  a  sharp  decrease  In  the 
resistance  starting  at  383°  C,  which  still  remained  the  same. 
However,  during  cooling  cycle  #3,  there  was  a  sharp  increase 
in  the  resistance  starting  at  298*  C.  Compared  to  first  thermal 
cycle  results,  thermal  conditioning  of  beta  NiS  increased  the 
gap  between  the  upper  and  lower  transition  points. 
Furthermore,  thermal  conditioning  had  an  effect  on  the 
disappearance  of  the  transition  point  at  350*  C  which  was 
noted  during  heating  cyclo  #1.  Analysis  of  this  beta  NIS 
transition  point  will  be  discussed  in  the  next  section  on 
dilatometry. 


Fig.  4  -  (A)  Photomicrograph  of  alpha  surface  relief; 
(B)  Interference  micrograph  of  part  in  A. 


Fig,  S  *  Electrical  resistivity  results  of  beta  NiS, 
illustrating  the  effects  of  thermal  eye  ha* 
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which  is  an  indication  of  diffusionless  process;  (iv)  the  transformation  process  is  clearly  first  order.  All  these 
microstructural  features  fall  within  the  classification  scheme  for  martensitic  transformations.  Although  the  general 
characteristics  appear  to  fit  the  requirements  for  a  martensitic  transformation  in  the  present  experiment,  more  detail  and 
quantitative  results  such  as  the  crystallography  of  microstructures  between  the  two  phases  are  needed  for  a  clear 
classification  in  the  future. 


4.  CONCLUSIONS 

In  an  effort  to  understand  the  mechanism  of  the  alpha  (high  temperature)  to  beta  (low  temperature)  transformation  in  NiS, 
the  following  experiments  were  performed;  a)  hot  stage  x-ray  diffraction,  b)  hot  stage  optical  microscopy,  c)  electrical 
resistivity  measurements  and  d)  dilatometry  measurements.  Hot  stage  x-ray  diffraction  confirmed  the  structural  changes 
involved  in  forward  (cooling)  and  reverse  (heating)  transformations  in  NiS.  Thermal  cycling  of  beta  NiS  showed 
reversibility  of  the  transformations.  The  beta  to  alpha  structural  change  of  NiS  was  observed  as  surface  relief  through  hot 
stage  optical  microscopy.  The  relief  was  the  direct  result  of  the  beta  to  alpha  transformation  during  heating.  With  the 
aid  of  a  Nomarski  interference  contrast  system,  prominent  surface  relief  was  observed  which  corresponds  to  self- 
accommodating  variants.  Through  interference  microscopy,  definite  fringe  shifts  were  seen,  which  appear  to  be 
characterized  as  an  invariant-plane  strain.  Reversibility  of  the  forward  and  reverse  transformations  was  observed  using 
polarized  light  for  both  alpha  and  beta  NiS.  Resistivity  and  dilatometry  measurements  produced  large  inverted  S-shaped 
hysteresis  loops,  spanning  temperature  ranges  of  greater  than  100  degrees.  The  angular  mismatch  between  the  hexagonal 
and  rhombohedral  structures  evidently  results  in  a  large  hysteresis  loop.  These  inverted  S-shaped  hysteresis  loops  are 
found  in  martensitic  materials.  Assuming  that  the  forward  and  reverse  transformations  in  NiS  are  martensitic,  A$,  Af, 
Ms,  and  Mf  temperatures  are  noted.  Dilatometry  measurements  showed  that  the  volume  change  associated  with  the 
transformation  was  4.67%.  All  experimental  results  described  in  this  paper  appear  to  fit  the  characteristics  of  a 
martensitic  transformation. 
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Pittsburgh  Plate  and  Glass  Company  (PPG).  The  exact  processing  conditions 
of  both  sets  of  samples  were  unknown. 

Experimental  Techniques 

The  inclusions  in  bulk  glass  samples,  just  visible  to  the  naked  eye,  were 
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I.  Argon  annealing  studies 

John  R.  LaGraff 1  and  David  A.  Payne 

Department  of  Materials  Science  and  Engineering,  Materials  Research  Laboratory,  Science  and  Technology  Center  for 
Superconductivity,  University  of  Illinois  at  Urbana-Champaign,  Urbana.  IL  61801.  USA 

Received  8  February  1993 


Electrical  resistance  measurements  were  used  to  follow  the  isothermal  in-diffusion  characteristics  in  YBa2CujOt+,  ( YBCO)  as 
a  function  of  the  initial  oxygen  content,  x,  at  temperatures  ranging  from  650-708°C.  Prior  to  the  determination  of  oxygen  in- 
diffusion  rates,  the  initial  oxygen  contents  in  both  polycrystalline  and  single  crystal  specimens  were  controlled  by  out-gassing  in 
argon  for  different  periods  of  time.  An  increasing  dependence  of  the  chemical  diffusivity  with  decreasing  initial  oxygen  content 
was  observed  which  was  typical  of  a  vacancy  diffusion  mechanism.  However,  the  magnitude  of  the  dependence  (and  comparison 
with  tracer  diffusion  studies)  suggested  that  other  factors  (e.g.,  correlation  effects  or  the  thermodynamic  factor)  were  responsible 
for  the  concentration  dependence.  The  results  are  important  for  the  development  of  atomic  diffusion  models  for  the  oxygen 
mobility  in  YBCO. 


1.  Introduction 

The  overall  oxygen  content  and  ordered  configu¬ 
rations  in  YBCO  are  known  to  strongly  influence  both 
the  superconducting  and  normal-state  properties 
[1,2].  Consequently,  measurements  of  the  chemical 
diffusivity  D  of  oxygen  in  YBCO  are  important  for 
the  predetermination  of  the  proper  temperatures  and 
times  required  for  the  processing  of  YBCO  with  fixed 
oxygen  contents  for'specific  property  requirements. 
In  addition,  knowledge  of  the  chemical  diffusivity  of 
oxygen,  in  conjunction  with  tracer  diffusion  D *  mea¬ 
surements  [3,4],  will  assist  in  establishing  the  fun¬ 
damental  diffusion  mechanisms  active  in  YBCO  over 
different  temperature  ranges  and  oxygen  non-sto¬ 
ichiometries.  In  this  (Part  I)  and  subsequent  papers 
[5,6],  electrical  resistance  measurements  are  re¬ 
ported  as  a  function  of  oxygen  content  in  order  to 
examine  the  diffusion  kinetics  as  a  function  of  con¬ 
centration  in  single  crystal  and  polycrystalline  YBCO. 

1  Present  address:  Department  of  Chemistry  and  Materials  Re¬ 
search  Laboratory,  University  of  Illinois  at  Urbana-Cham¬ 
paign.  Urbana,  IL  61801,  USA. 


We  discuss  the  implications  these  results  have  on  the 
development  of  a  diffusion  model. 

Conflicting  oxygen  diffusion  concentration  depen¬ 
dences  have  been  reported  primarily  for  polycrys¬ 
talline  specimens  by  tracer  diffusion  [3,4,7],  inter¬ 
nal  friction  [8],  electrical  resistance  [9],  and 
thermogravimetric  measurements  [10].  Rothman  et 
al.  [4]  reported  no  oxygen  partial  pressure  depen¬ 
dence  of  the  tracer  diffusivity,  £>*,  al  400° C  and 
600 °C  suggesting  that  D *  was  not  a  function  of  the 
vacancy  concentration  at  least  within  an  experimen¬ 
tal  uncertainty  of  a  factor  of  two.  Other  tracer  dif¬ 
fusion  measurements  [  7  ] ,  however,  reported  an  in¬ 
creasing  diffusivity  with  increasing  oxygen  content. 
Thermogravimetric  analysis  suggested  a  similar  de¬ 
pendence  in  D  which  was  attributed  to  a  composi¬ 
tional  dependence  of  the  enthalpy  of  motion  term  in 
the  self-diffusivity  [  10].  On  the  other  hand,  an  elec¬ 
trical  resistance  study  [9]  reported  activation  ener¬ 
gies  for  oxygen  in-diffusion,  ranging  from  0. 5- 1 .3  e V 
as  the  oxygen  content  x  varied  from  0.62-1.0,  which 
suggested  that  the  diffusivity  would  decrease  with  in¬ 
creasing  oxygen  content.  No  dependence  was  re¬ 
ported  for  oxygen  out-diffusion  on  the  concentration 
[9].  Internal  friction  measurements  [8]  also  deter- 
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mined  an  activation  energy  for  oxygen  migration 
which  decreased  as  the  oxygen  content  decreased  be¬ 
low  ,v=0.75.  Models  predicted  a  concentration-de¬ 
pendent  difTusivity  which  should  increase  with  de¬ 
creasing  oxygen  content  for  all  x  [11,12]. 

It  is  evident  that  a  dear  consensus  regarding  the 
influence  of  oxygen  concentration  on  the  chemical 
difTusivity  has  not  yet  emerged;  consequently,  the 
underlying  diffusion  mechanisms  are  still  unknown. 
In  this  and  subsequent  papers  [5,6],  resistance  mea¬ 
surements  during  oxygen  in-difTusion  are  reported 
which  indicate  an  increasing  chemical  difTusivity  with 
decreasing  oxygen  content  in  both  the  orthorhombic 
and  tetragonal  phase  regions  of  YBCO.  In  this  paper 
(Part  I),  the  initial  overall  oxygen  contents  in  the 
specimens  were  established  by  out-gassing  in  argon 
for  different  periods  of  time.  In  Part  II  [5],  con¬ 
trolled  oxygen  partial  pressures  were  used  to  uniquely 
set  the  initial  and  final  oxygen  concentrations  in 
YBCO  specimens  during  in-diffusion  and  out-dif- 
fusion.  The  use  of  different  oxygen  partial  pressures 
also  allowed  for  the  estimation  of  equilibrium  defect 
chemistry.  In  Part  III  [6],  the  concentration-depen¬ 
dent  diffusion  results  will  be  discussed  in  relation  to 
other  reported  diffusion  measurements  and  models 
in  order  to  develop  an  oxygen  diffusion  mecha¬ 
nism^)  for  YBCO. 


2.  Experimental 

Electrical  resistance  measurements  have  been  used 
by  others  to  make  diffusion  measurements  in  NiO 
and  CoO  [  1 3, 1 4  ]  since  they  provide  a  sensitive  probe 
to  small  changes  in  the  concentration  of  the  diffusing 
species.  Electrical  measurements  are  also  ideal  for 
monitoring  the  oxygen  content  in  YBCO  [9,15,16] 
especially  in  small  single  crystals  [17-20]  where  a 
low  mass  precludes  the  use  of  other  techniques  (e.g., 
thermogravimetric  analysis).  In  addition,  repeated 
measurements  are  possible  on  a  single  specimen 
which  removes  some  of  the  sample-to-sample  vari¬ 
ation  that  can  occur  in  tracer  diffusion  studies.  Mea¬ 
surements  were  made  in  both  orthorhombic  (650cC) 
and  tetragonal  (708°C)  phase  regions  for  the  single 
crystals  and  at  708°C  in  polycrystalline  specimens. 
Sample  preparation  was  described  previously  [18] 
and  specimen  characteristics  are  summarized  in  ta¬ 


ble  1.  Superconducting  transition  temperatures  were 
determined  from  SQUID  susceptibility  measure¬ 
ments  in  a  field  of  10  G  (table  1 ).  Impurity  analyses 
were  determined  by  an  inductively  coupled  plasma 
emission  technique. 

Four  gold  wire  leads  (0.002  inch,  Be-modified) 
were  attached  by  silver  paste  to  the  comers  of  the 
rectangular  crystals  or  along  the  length  of  rectangular 
polycrystalline  bars  (fig.  I).  The  specimens  were 
subsequently  mounted  inside  the  hot-stage  of  an  op¬ 
tical  microscope.  The  annealed  electrodes  had  con¬ 
tact  resistances  of  less  than  -  1  Q  and  were  period¬ 
ically  tested  for  space  charge  build-up  and  overall 
integrity  in  both  positive  and  negative  DC  poten¬ 
tials.  The  electrical  resistance  was  monitored  by  a 
computer-controlled  Stanford  SR530  lock-in  ampli¬ 
fier  with  a  measuring  AC  current  of  1.86  mA  at  564 
Hz.  the  ambient  gases  (argon  or  oxygen)  were 
scrubbed  for  water  vapor  and  carbon  dioxide  by 
passing  through  a  column  containing  CaO  and 
CaS04.  The  resistance  was  recorded  every  30-60  s 
during  out-diffusion  and  between  8  and  1 5  s  during 
in-diffusion.  A  typical  resistance  experiment  con¬ 
tained  at  least  a  thousand  data  points  which  were 
subsequently  used  for  data  analysis.  The  small  cham¬ 
ber  volume  ( -  50  cm3 )  of  the  hot-stage  assembly  en¬ 
sured  rapid  purging  of  the  gas  and  re-establishment 
of  equilibrium  for  the  new  has  mixture. 

The  initial  oxygen  content  x  of  the  YBCO  speci¬ 
mens  was  established  by  out-gassing  in  argon  for  dif¬ 
ferent  times.  The  YBCO  specimen  was  first  equili¬ 
brated  in  100%  oxygen  at  the  desired  temperature 
until  the  resistance  remained  constant  for  at  least  24 
h.  Upon  introduction  of  argon,  the  resistance  in¬ 
creased  linearly  (e.g.,  fig.  2)  until,  after  long  times, 
the  resistance  saturated  as  .v  approached  zero.  By 
measuring  the  resistance  of  a  YBCO  specimen  as  a 
function  of  oxygen  partial  pressure  at  a  fixed  tem¬ 
perature  [  5  ],  it  was  possible  to  construct  calibration 
curves  (fig.  3)  relating  the  oxygen  content,  „v,  to  the 
overall  sample  resistance,  R ,  from  the  following 
expression: 

R  =  R0exp[a(6  +  .v)]  .  (1) 

For  crystal  Cl  at  708 ; C  the  maximum  ( 3.4  Q )  and 
minimum  (0.1 32  £2)  resistances  corresponded  to  6.0 
and  6.6  oxygens  per  unit  cell,  respectively  [21], 
where  /?0=4.456x  I014  £2  and  a=-5.42  (fig.  3). 
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Table  1 

Sample  characteristics 


Selected 

specimen 

Tc 

Specimen 
size  (mm3) 

Electrical 
resistivities  *’ 

Impurity 
content b) 

Crystal  Cl c> 

90  K 

1x1x0.05 

lOOpQcm  (25°C) 

1-10  mQ cm  (600-780°C) 

Fe:  0.0012(1) 

Al:  0.0049(3) 

Zr  0.0001(1) 

Crystal  C2  "> 

90  K. 

2X1. 5x0.5 

lOOpQcm  (25°C) 

1-10  mOcm  (600-780cC) 

Fe:  0.0036(2) 

Al:  0.0010(2) 

Zr  0.020(1) 

Polycrystal  S2 

92  K 

4.65X1.50X0.95 

3-30  mQ  cm  (350-780°C) 

Fe:  0.0018(1) 

Al:  0.0000(3) 

Zr  0.0033(4) 

•>  Ref.  [20], 

b)  Impurity  analysis  determined  by  an  inductively  coupled  plasma  (ICP)  method.  Values  are  in  atomic  fractions  per  formula  unit  of 
YBCO. 

c)  Grown  in  an  alumina  crucible. 

d)  Grown  in  an  yttria-stabilized  zirconia  (YSZ)  crucible. 


Fig.  1.  Electrical  four-point  probe  configurations  for,  (a)  single 
costal  (c-axis  indicated)  and  (b)  polycrystalline  YBCO.  The 
current  and  voltage  leads  are  labeled  /  and  V,  respectively. 


During  the  argon  anneal,  the  resistance  increased 
with  increasing  time,  with  a  corresponding  decrease 
in  the  overall  oxygen  content  (fig.  2).  Halting  the 
argon  anneal  after  different  periods  of  time  ( 5  min 
to  20  h )  established  the  initial  value  of  the  resistance 
and  hence  the  initial  overall  oxygen  content  for  crys¬ 
tal  Cl  prior  to  in-diffusion  (eq.  (1)).  The  reprod¬ 
ucibility  was  excellent  as  indicated  by  the  identical 
slopes  of  the  resistance  change  with  time  (d/?/d() 
during  each  out-diffusion  run  (i.e.,  the  slope  in 
fig.  2).  The  recovery  of  the  initial  resistance 
(R=0. 132(5)  Q;  100%  oxygen)  between  each  run 
indicated  the  absence  of  any  irreversible  phase  de¬ 
composition  or  any  significant  kinetic  de-mixing 
[22,23],  Following  the  argon  anneal,  isothermal  ox¬ 
ygen  in-diffusion  measurements  were  made  by  re-in¬ 
troducing  oxygen  into  the  hot-stage.  Variations  in  the 
diffusion  kinetics  were  subsequently  correlated  to  the 
initial  average  values  of  x.  This  technique  did  not 


Fig.  2.  The  electrical  resistance  as  a  function  of  time  during  oxy¬ 
gen  out-diffusion  in  an  argon  ambient  for  single  crystal  Cl  at 
708°C.  The  crystal  was  initially  in  equilibrium  with  100%  oxy¬ 
gen.  As  the  resistance  increased,  the  overall  oxygen  content 
decreased. 

ensure  a  constant  oxygen  concentration  profile  across 
the  specimen  (unless  diffusion  was  surface-reaction 
limited  [19]);  however,  it  was  extremely  versatile 
and  enabled  diffusion  kinetics  to  be  measured  for  a 
large  number  of  different  values  of  x. 
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Oxygen  Content.  6+x 

Fig.  3.  Calibration  curve  (see  eq.  ( 1 ) )  for  the  dependence  of  the 
electrical  resistance  as  a  function  of  oxygen  content  at  708°C  for 
crystal  Cl. 

3.  Results  and  discussion 


Figure  4(a)  shows  several  in-diffusion  curves  for 
crystal  Cl  at  708 °C  after  several  different  starting 
resistances.  The  non-linear  behavior  implies  a  non¬ 
standard  diffusion  process  at  the  onset  of  in-diffu¬ 
sion.  Assuming  that  a  single  diffusion  mechanism 
characterized  by  a  constant  diffusion  coefficient  was 
active  in  tetragonal  YBCO,  one  would  expect  the 
normalized  resistance  curves  to  be  identical  regard¬ 
less  of  the  initial  oxygen  content  of  the  crystal.  In  fig. 
4(b),  however,  the  normalized  resistances  reveal  a 
systematic  variation  in  their  functional  form  which 
depends  upon  the  initial  oxygen  content  of  the  YBCO 
crystal.  This  indicates  a  fundamental  change  in  the 
chemical  diffusivity  of  oxygen  with  concentration. 

Characteristic  relaxation  times,  r,  were  obtained 
by  fitting  the  resistance  data  to  the  long-time  solu¬ 
tion  (n=0)  for  three-dimensional  diffusion  into  a 
rectangular  solid 


ln(/t(Q))-ln(R(Q) 

ln(/?(0) )  — ln(7?(oo) ) 


_ ,  /  8  V  ~  1  M2n+1)2(\ 

W„?o(2«+l)2exPl  r  /’ 


(2) 


Fig.  4.  (a )  Resistance  as  a  function  of  the  square-root  of  time  for 
oxygen  in-diffusion  from  different  initial  resistance  states  (i.e., 
oxygen  contents),  (b)  Normalized  resistance  from  several  curves 
in  (a)  showing  different  functional  forms  for  the  in-diffusion 
isotherms  as  a  function  of  initial  oxygen  content. 


where  /?(0)  is  the  resistance  at  the  beginning  of  in¬ 
diffusion,  R(t )  the  resistance  as  a  function  of  time, 
and  R( oo)  the  eventual  saturation  resistance  [20]. 
The  exponential  dependence  of  the  resistance  on  the 
oxygen  concentration  was  indicated  in  eq.  ( 1 )  and 
has  been  described  elsewhere  [20].  Figure  5  shows 
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Fig.  5.  Experimental  data  (open  circles)  during  in-diffusion  for 
the  fully  deoxygenated  (x=0)  crystal  Cl  at  708°C  and  the  fit 
(solid  line)  toeq.  (2). 


a  typical  curve  fit  («=0)  for  in-diffusion  in  crystal 
Cl  which  had  an  initial  oxygen  content  of  A'~0. 

For  both  tetragonal  and  twinned  orthorhombic 
crystals  of  dimensions  axbxc ,  the  in-plane  diffu- 
sivity  Dab  is 

5ah=:^rr{72  +  bi  +  P?}  ’  (3) 

where  P  is  the  anisotropy  ratio  between  Dab  and  the 
c-axis  diffusivity,  Dc.  The  anisotropic  tracer  diffu- 
sivity,  P=D*bID*~-  104-106  (ref.  [4])  suggests  that 
oxygen  exchange  will  occur  almost  entirely  at  the 
edges  of  a  single  crystal;  i.e.,  it  will  be  a  two-dimen¬ 
sional  process  and  the  third  term  in  eq.  (3)  may  be 
neglected.  Characteristic  relaxation  times  are  given 
in  fig.  6(a)  as  a  function  of  the  initial  oxygen  con¬ 
tent  for  crystal  Cl.  As  a  first  approximation,  diffu- 
sivities  were  calculated  from  eq.  (3)  using  the  re¬ 
laxation  times  in  fig.  6(a),  the  crystal  dimensions 
(lxl  X0.05  mm3),  and  an  anisotropy  ratio  p greater 
than  103  (fig.  6(b)).  Figure  6  indicates  a  four-fold 
decrease  in  t  (or  increase  in  Dab)  with  decreasing 
concentration  from  6.6  to  6.0  oxygen  per  unit  cell. 
It  should  be  noted  that  eqs.  (2)  and  (3)  were  de¬ 
veloped  for  a  constant  diffusion  coefficient  and, 
therefore,  the  diffusivities  calculated  in  this  paper 
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Fig.  6.  (a)  Relaxation  times  for  crystal  Cl  determined  from  fig. 
3  as  a  function  of  the  initial  oxygen  contents  (eq.  (2) ).  (b)  Cal¬ 
culated  chemical  diffusion  coefficients  (eq.  (3))  for  oxygen  in¬ 
diffusion  as  a  function  of  the  initial  oxygen  content  for  crystal  C 1 
(a  =  f)=0.1  cm). 

should  be  regarded  as  average  values  between  dif¬ 
ferent  oxygen  concentrations. 

A  similar  analysis  was  carried  out  for  crystal  C2  at 
650°C  and  708°C,  at  temperatures  which  corre¬ 
spond  to  the  orthorhombic  and  tetragonal  phases,  re¬ 
spectively,  when  in  equilibrium  with  100%  oxygen. 
Figure  7  shows  the  diffusivities  determined  from  eqs. 
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Fig.  7.  Chemical  diffusion  coefficients  (eq.  (3))  for  crystal  C2 
at  650°C  and  708°C  as  a  function  of  the  initial  overall  oxygen 
content  (a=0.2  cm,  f>=0.15  cm). 


( 2 )  and  ( 3 )  as  a  function  of  the  initial  overall  ox¬ 
ygen  content.  The  chemical  diffusivities  increased 
with  decreasing  oxygen  content  at  both  temperatures 
similar  to  the  behavior  of  crystal  Cl  at  708 °C  (fig. 
6(b)). 

Diffusion  measurements  were  also  carried  out  on 
a  polycrystalline  specimen  S2  at  708°C  (fig.  8)  after 
annealing  in  argon.  Relaxation  times  were  deter¬ 
mined  from  a  one-dimensional  form  of  eq.  (2 )  writ¬ 
ten  as 


ln(/?(Q))  — ln(/?(f)) 
ln(R(0))-ln(/?(oo)) 


,  ( 8  \  v  1  (~(2n+\)2t\ 

\K2)n?o  (2n+l)2exp\  t  ) 


(4) 


Figure  8  indicates  the  relaxation  times  were  more 
rapid  than  for  single  crystals  and  they  decreased  with 
decreasing  oxygen  content  over  a  narrower  oxygen 
concentration  range.  The  different  functional  forms 
of  D  ( or  t  )  with  .v  between  single  crystals  ( figs.  6  and 
7)  and  polycrystals  (fig.  8)  suggest  that  extrinsic  mi- 
crostructural  factors  influence  diffusion  in  polycrys¬ 
talline  specimens  [20]. 

A  concentration-dependent  chemical  diffusion 
coefficient  has  been  inferred  from  reports  of  acti¬ 
vation  energies  which  varied  with  oxygen  content  and 


Oxygen  Content 

Fig.  8.  Relaxation  times  for  polycrystalline  specimen  S2  during 
oxvgen  in-diffusion  as  a  function  of  the  initial  oxygen  content. 


temperature  [9,10].  In  this  study,  however,  the  ki¬ 
netics  of  oxygen  diffusion  were  determined  as  a  di¬ 
rect  function  of  the  oxygen  content  at  constant  tem¬ 
perature.  Values  of  D  for  crystals  were  found  to 
change  by  about  a  factor  of  four  (figs.  6  and  7 )  over 
the  range  of  oxygen  non-stoichiometry,  x,  available 
at  the  measurement  temperatures.  This  large  change 
cannot  simply  be  explained  by  factors  within  the 
expression  for  the  self-diffusivity, 

D*=\fNya2v ,  (5) 

where  /  is  the  correlation  coefficient  Ny  the  vacancy 
availability  factor,  a  the  jump  distance,  and  v  the 
jump  frequency.  Tracer  diffusion  studies  have  re¬ 
ported  a  concentration-independent  D*  within  an 
experimental  uncertainty  of  a  factor  of  two,  sug¬ 
gesting  that  the  terms  in  eq.  (5)  are  either  weakly 
dependent  on  the  oxygen  content  or  have  compen¬ 
sating  compositional  dependences  [3,4], 

The  observed  concentration  dependence  in  figs. 
6-8  is  more  likely  to  arise  from  the  non-ideal  be¬ 
havior  of  oxygen  defects  in  YBCO  (i.e.,  defect-de¬ 
fect  interactions).  The  relationship  between  the 
chemical  D  and  tracer  D*  diffusivities  can  be  written 
as 
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where  the  term  in  brackets  is  the  thermodynamic 
factor  which  contains  the  oxygen  activity,  y,  and  the 
concentration,  x.  In  an  ideal  solution  (often  in  the 
dilute  limit),  the  activity  y  is  unity  for  all  concen¬ 
trations  and  the  tracer  diffusion  and  chemical  dif¬ 
fusion  coefficients  are  equal.  The  reported  values  of 
D  are  generally  larger  than  D*,  suggesting  a  signifi¬ 
cant  contribution  of  the  thermodynamic  factor  to  the 
rate  of  oxygen  diffusion  in  a  chemical  potential  gra¬ 
dient.  Measurements  [10,24,25]  and  models  [12,26] 
suggest  that  d  In  y/d  In  x  can  be  as  large  as  1 000,  es¬ 
pecially  at  low  temperatures  and  high  oxygen  con¬ 
tents,  and  also  may  be  concentration-dependent  at 
constant  temperature.  Reports  of  slower  in-diffusion 
than  out-diffusion  in  single  crystals  [20]  is  also  con¬ 
sistent  with  a  diffusivity  which  depends  on  the  ox¬ 
ygen  content  [27], 

The  benefit  of  using  single  crystal  specimens  was 
evident  in  the  comparison  of  the  functional  forms  of 
the  change  in  diffusivities  (relaxation  times)  with 
oxygen  content  (figs.  6  and  7)  when  compared  with 
polycrystals  (fig.  8 ).  The  most  striking  feature  of  fig. 
8  is  the  rapid  drop  of  the  relaxation  times  over  a  nar¬ 
row  range  of  oxygen  content.  This  was  attributed  to 
extrinsic  microstructural  effects  in  which  the  influ¬ 
ence  of  highly  oxygenated  shells  introduced  high 
conductivity  pathways  in  polycrystalline  YBCO 
[20]. 

Knowledge  of  the  effective  diffusion  length  for  a 
specific  specimen  is  required  before  an  accurate  de¬ 
termination  of  the  diffusion  coefficient  can  be  made 
from  eq.  (3).  In  the  case  of  electrical  resistance  mea¬ 
surements  of  single  crystals  the  lengths  may  not  nec¬ 
essarily  be  the  external  crystal  dimensions  and,  con¬ 
sequently,  the  values  of  the  chemical  diffusivities 
indicated  in  figs.  6(b)  and  7  should  be  taken  as  es¬ 
timates  of  the  upper  limits.  It  is  possible  that  the  ef¬ 
fective  diffusion  lengths  are  actually  less  than  the 
sample  dimensions  or  that  there  is  a  contribution  of 
c-axis  diffusion  to  the  overall  diffusion  rate.  The  pos¬ 
sibility  of  such  a  systematic  error  in  the  values  of  D 
does  not  detract  from  the  important  information 
concerning  oxygen  diffusion  mechanisms  contained 
in  the  relative  change  of  D  (or  r)  with  oxygen  co- 
centration.  This  is  illustrated  in  fig.  9  for  a  Log-Log 


3 

Crystal  Cl  1x1x0. 05mm 


Fig.  9.  Dependence  of  the  ab- plane  chemical  diffusivity  on  the 
anisotropy  ratio,  fi=D^/D‘,  for  crystal  Cl  at  708°C.  The  large 
diflusivities,  3,  by  comparison  with  tracer  diffusion  coefficients, 
suggest  that  the  thermodynamic  factor  accounts  for  the  observed 
concentration  dependence  in  5. 

plot  of  Dai,  as  a  function  of  the  anisotropy  ratio, 
P=D*t,/Dc,  for  the  two  extremes  of  x  in  fig.  6(b). 
By  changing  the  effective  diffusion  lengths,  the  curves 
would  shift  in  an  identical  manner.  If  there  was  a  sig¬ 
nificant  contribution  of  c-axis  diffusion  Dc  to  the  ox¬ 
ygen  in-diffusion  rates,  P  would  be  smaller,  resulting 
in  lower  diffusivities  calculated  from  eq.  (3)  (figs. 
6  and  7).  For  comparison  purposes,  the  tracer  dif¬ 
fusivity  at  700°C  was  reported  to  be  »  10~9  cm2/s 
(ref.  [4]). 


4.  Conclusion 

In  summary,  the  kinetics  for  chemical  diffusion  of 
oxygen  were  measured  by  monitoring  the  relaxation 
of  the  electrical  resistance  during  in-diffusion,  while 
systematically  varying  the  initial  overall  oxygen  con¬ 
tent  in  YBCO  specimens.  The  chemical  diffusion 
coefficient  for  in-diffusion  was  found  to  increase  with 
decreasing  initial  overall  oxygen  content,  the  latter 
determined  from  out-gassing  in  argon  for  different 
limes.  The  concentration  dependence  for  the  chem- 
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ical  diffusivity,  and  the  lack  of  one  in  reported  tracer 
diffusion  studies  [3,4 1,  indicates  that  a  simple  va¬ 
cancy  model  does  not  fully  describe  the  observed  be¬ 
havior.  This  suggests  that  the  diffusion  mechanism 
depends  on  other  factors  such  as  the  thermodynamic 
factor.  Further  studies  of  5  and  D*  as  a  function  of 
oxygen  stoichiometry  will  lead  to  an  increased  un¬ 
derstanding  of  the  diffusion  mechanisms. 
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Electrical  resistance  measurements  were  used  to  determine  the  equilibrium  resistivity  characteristics  and  the  oxygen  diffusion 
behavior  in  YBa2Cuj06+Jt  ( YBCO)  as  a  function  of  oxygen  partial  pressure  £1  temperatures  ranging  from  450-850°C.  The  equi¬ 
librium  resistivity  values  depended  on  the  oxygen  partial  pressures  as  n  =  0Logp/3Lx)g[/>(O2)  ],  where  n  ranged  from  approxi¬ 
mately  —  g  up  to  —  j  from  low  to  high  temperatures.  A  clear  p-type  to  n-type  transition  was  observed  near  750°C  for  an  oxygen 
content  of  6. 1  (jc=0. 1 ).  Values  of  the  oxygen  exponent,  n,  for  single  crystal  YBCO  at  650'C  and  708°C  were  similar  to  those  for 
polycrystalline  specimens.  Measurements  of  the  time-dependent  resistivity  behavior  between  different  oxygen  partial  pressures 
yielded  diffusion  kinetics  between  well-established  boundary  values  of  the  oxygen  content,  x.  In  single  crystal  specimens,  the 
chemical  diffusivity  for  oxygen  in-diffusion  was  observed  to  increase  with  decreasing  oxygen  content.  The  kinetic  data  for  the 
polycrystalline  specimens  between  450-850°C  also  depended  on  the  oxygen  concentration,  however,  the  temperature  dependence 
was  non-Arrhenius. 


1.  Introduction 

The  carrier  concentration  in  YBCO,  which  is  im¬ 
portant  for  regulating  the  superconducting  proper¬ 
ties  [1,2],  is  established  during  thermal  processing 
and  cooling.  As  the  lattice  incorporates  more  oxy¬ 
gen,  the  carrier  concentration  increases  and  the  su¬ 
perconducting  properties  generally  improve.  Con¬ 
sequently,  an  understanding  of  the  oxygen  chemical 
diffusion  behavior  and  the  high  temperature  equi¬ 
librium  transport  properties  of  YBCO  are  important 
for  optimizing  ceramic  processing.  In  this  paper  (Part 
II),  the  simultaneous  measurement  of  equilibrium 
electrical  transport  properties  and  time-dependent 
resistivity  characteristics  (i.e.,  oxygen  diffusion )  are 
reported  as  a  function  of  different  oxygen  partial 
pressures.  The  results  yield  information  on  the  de¬ 
fect  chemistry  and  on  the  concentration-dependent 
diffusion  kinetics. 

In  fully  oxygenated  YBCO  the  conductivity  de- 

'  Present  address:  Department  of  Chemistry  and  Materials  Re¬ 
search  Laboratory,  University  of  Illinois  at  Urbana-Cham¬ 
paign,  Urbana,  IL  61801,  USA. 


pends  primarily  on  the  hole-concentration,  [h '],  ac¬ 
cording  to 

cr=[h']f7ip,  (1) 

where  Pp  is  the  hole  mobility  and,  e  the  electron 
charge.  The  temperature  dependence  of  the  conduc¬ 
tivity  is  contained  within  the  mobility  and  carrier 
density  terms.  The  resistivity  p  in  fully  oxygenated 
YBCO  increases  linearly  from  the  superconducting 
transition  temperature,  Tc,  to  approximately  300- 
500°C  [3-5].  At  higher  temperatures,  oxygen  loss 
occurs,  with  a  concomitant  reduction  in  hole  car¬ 
riers.  This  leads  to  thermally  activated  resistivity- 
temperature  characteristics  typical  of  a  p-type  semi¬ 
conductor.  To  a  first  approximation,  one  may  de¬ 
scribe  the  influence  of  the  oxygen  stoichiometry  on 
the  electron  hole  content  according  to  an  interstitial 
model  which  can  be  written  in  Kroger- Vink  nota¬ 
tion  as  [6] 

O"  +  2h'?3 ]02  +  V, ,  (2) 

where  O"  represents  a  doubly  negatively  charged  ox¬ 
ygen  interstitial,  h'  a  compensating  electron  hole,  and 
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V,  a  “vacant”  interstitial  site.  The  corresponding 
mass-action  equation  is  written  as 

^i^l7p*/>(02)-,^-exp(A«/tD,  (3) 

where  P( 02)  is  the  oxygen  partial  pressure  and  A H 
the  enthalpy  of  the  oxidation  reaction.  This  ideal  so¬ 
lution  model  would  lead  to  a  P(  02)l/6  dependence 
for  the  hole  concentration,  [h  ].  Substitution  of  this 
dependence  into  the  conductivity  equation  (eq.  ( 1 ) ) 
yields  an  inverse  dependence  of  the  electrical  resis¬ 
tivity  on  the  oxygen  partial  pressure,  i.e.,  n  = 
3Log/>/3Log[/>(02)  ]  =  —  g  for  an  interstitial  model. 

The  equilibrium  defect  chemistry  for  YBCO  has 
been  studied  primarily  by  electrical  conductivity  and 
thermoelectric  power  (Seebeck  effect)  measure¬ 
ments  [7-28].  The  electrical  conductivity  yields  in¬ 
formation  about  the  carrier-mobility  product,  while 
the  thermoelectric  power,  in  principle,  enables  one 
to  distinguish  between  the  carrier  concentration  and 
the  carrier  mobility.  Most  studies  are  in  good  qual¬ 
itative  agreement.  The  general  findings  include:  val¬ 
ues  for  the  oxygen  partial  pressure  exponent,  n,  from 
the  electrical  resistivity  between  -0.25  and  -0.5,  a 
large  and  rapidly  changing  thermoelectric  power  in¬ 
dicative  of  a  change  from  metallic  to  semiconducting 
behavior,  and  a  negative  thermoelectric  power  at  high 
temperatures  and  low  oxygen  partial  pressures  sug¬ 
gesting  a  further  transition  from  p-type  to  n-type 
semiconducting  behavior. 

Previously  (Part  I)  [29],  a  concentration-depen¬ 
dent  chemical  diffusivity  was  reported  for  oxygen  in¬ 
diffusion  in  which  the  oxygen  content  x  was  estab¬ 
lished  by  out-gassing  YBCO  specimens  in  argon.  In 
this  paper  (Part  II),  oxygen  partial  pressures  were 
used  to  firmly  establish  the  initial  and  final  oxygen 
contents  during  in-  and  out-diffusion  measurements. 
The  diffusion  measurements  revealed  an  increasing 
diffusivity  with  decreasing  oxygen  conient  as  before 
[29].  The  use  of  controlled  P(02)  also  allowed  for 
the  simultaneous  measurement  of  the  equilibrium 
resistivity  characteristics  (i.e.,  defect  chemistry)  for 
YBCO  specimens.  In  Part  III  [30],  the  equilibrium 
defect  chemistry,  concentration-dependent  diffusion 
behavior,  and  other  reported  experimental  and  the¬ 
oretical  studies  will  be  compared  in  order  to  develop 
an  oxygen  diffusion  model  in  YBCO. 


2.  Experimental 


Details  of  the  specimen  characteristics  and  elec¬ 
trical  resistance  measurements  were  described  pre¬ 
viously  (Part  I )  [29] ).  Measurements  were  made  in 
both  the  orthorhombic  (650°C)  and  tetragonal 
(708°C)  phase  regions  for  single  crystals  (when  in 
equilibrium  with  1  atm  02)  and  from  450-850°C 
for  polycrystalline  specimens.  (In  large  single  crys¬ 
tals  below  600°  C,  the  kinetics  were  prohibitively  slow 
for  diffusion  measurements.)  Equilibrium  times,  es¬ 
timated  from  diffusivity  calculations  and  experi¬ 
mentally  determined  by  monitoring  for  constant  re¬ 
sistance,  were  as  long  as  30  h  at  low  temperatures 
(450°C)  for  polycrystalline  specimens  and  also  in 
single  crystals  (7'>600°C)  which  had  longer  diffu¬ 
sion  lengths.  In  order  to  unequivocally  establish  a 
constant  oxygen  concentration  across  a  YBCO  spec¬ 
imen,  diffusion  experiments  were  carried  out  after 
bringing  the  specimen  to  equilibrium  in  controlled 
oxygen  partial  pressures  (02/Ar)  of  1,  0.1,  0.01, 
0.001  atm,  or  pure  argon.  Subsequently,  the  oxygen 
partial  pressure  was  either  increased  to  monitor  the 
oxygen  in-diffusion  or  decreased  for  out-diffusion. 
Using  the  data  of  Lindemer  et  al.  [31  ],  the  oxygen 
partial  pressures  were  directly  related  to  the  oxygen 
content  of  the  specimen  and  hence  the  initial  and  fi¬ 
nal  values  of  x  were  known  for  each  diffusion  ex¬ 
periment.  Figure  I  shows  a  typical  series  of  time-de¬ 
pendent  resistance  curves  for  crystal  C2.  The  data 
were  obtained  at  constant  temperature  (708°C)  as 
the  oxygen  partial  pressure  was  decreased  from  1  atm 
to  0.1,  0.01,  and  0.001.  Equilibrium  resistance  val¬ 
ues,  used  in  the  defect  chemistry  analysis,  allowed 
for  the  construction  of  calibration  curves  which  re¬ 
lated  the  time-dependent  resistance  behavior  to  the 
overall  oxygen  content. 

The  characteristic  relaxation  times,  t,  were  ob¬ 
tained  by  fitting  the  resistance  data  to  the  long-time 
solution  (n=0)  for  three-dimensional  diffusion  into 
a  rectangular  solid 
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V,  a  “vacant”  interstitial  site.  The  corresponding 
mass-action  equation  is  written  as 

[0l-^Tp  =P(02)~l/2K"  cxp(AH/kT)  ,  (3) 

where  P(02)  is  the  oxygen  partial  pressure  and  A H 
the  enthalpy  of  the  oxidation  reaction.  This  ideal  so¬ 
lution  model  would  lead  to  a  P(02)'/6  dependence 
for  the  hole  concentration,  [h‘  ].  Substitution  of  this 
dependence  into  the  conductivity  equation  (eq.  ( 1 ) ) 
yields  an  inverse  dependence  of  the  electrical  resis¬ 
tivity  on  the  oxygen  partial  pressure,  i.e.,  n  = 
9Log/>/0Log[/’(O2)  ]  =  -  ?  for  an  interstitial  model. 

The  equilibrium  defect  chemistry  for  YBCO  has 
been  studied  primarily  by  electrical  conductivity  and 
thermoelectric  power  (Seebeck  effect)  measure¬ 
ments  [7-28].  The  electrical  conductivity  yields  in¬ 
formation  about  the  carrier-mobility  product,  while 
the  thermoelectric  power,  in  principle,  enables  one 
to  distinguish  between  the  carrier  concentration  and 
the  carrier  mobility.  Most  studies  are  in  good  qual¬ 
itative  agreement.  The  general  findings  include:  val¬ 
ues  for  the  oxygen  partial  pressure  exponent,  n,  from 
the  electrical  resistivity  between  -0.25  and  -0.5,  a 
large  and  rapidly  changing  thermoelectric  power  in¬ 
dicative  of  a  change  from  metallic  to  semiconducting 
behavior,  and  a  negative  thermoelectric  power  at  high 
temperatures  and  low  oxygen  partial  pressures  sug¬ 
gesting  a  further  transition  from  p-type  to  n-type 
semiconducting  behavior. 

Previously  (Part  I)  [29],  a  concentration-depen¬ 
dent  chemical  diffusivity  was  reported  for  oxygen  in¬ 
diffusion  in  which  the  oxygen  content  x  was  estab¬ 
lished  by  out-gassing  YBCO  specimens  in  argon.  In 
this  paper  (Part  II),  oxygen  partial  pressures  were 
used  to  firmly  establish  the  initial  and  final  oxygen 
contents  during  in-  and  out-diffusion  measurements. 
The  diffusion  measurements  revealed  an  increasing 
diffusivity  with  decreasing  oxygen  content  as  before 
[29].  The  use  of  controlled  P(02)  also  allowed  for 
the  simultaneous  measurement  of  the  equilibrium 
resistivity  characteristics  (i.e.,  defect  chemistry)  for 
YBCO  specimens.  In  Part  III  [30],  the  equilibrium 
defect  chemistry,  concentration-dependent  diffusion 
behavior,  and  other  reported  experimental  and  the¬ 
oretical  studies  will  be  compared  in  order  to  develop 
an  oxygen  diffusion  model  in  YBCO. 


2.  Experimental 


Details  of  the  specimen  characteristics  and  elec¬ 
trical  resistance  measurements  were  described  pre¬ 
viously  (Part  I)  [29] ).  Measurements  were  made  in 
both  the  orthorhombic  (650°C)  and  tetragonal 
(708°C)  phase  regions  for  single  crystals  (when  in 
equilibrium  with  1  atm  02)  and  from  450-850°C 
for  polycrystalline  specimens.  (In  large  single  crys¬ 
tals  below  600°  C,  the  kinetics  were  prohibitively  slow 
for  diffusion  measurements. )  Equilibrium  times,  es¬ 
timated  from  diffusivity  calculations  and  experi¬ 
mentally  determined  by  monitoring  for  constant  re¬ 
sistance,  were  as  long  as  30  h  at  low  temperatures 
(450° C)  for  polycrystalline  specimens  and  also  in 
single  crystals  (T>  600°C)  which  had  longer  diffu¬ 
sion  lengths.  In  order  to  unequivocally  establish  a 
constant  oxygen  concentration  across  a  YBCO  spec¬ 
imen,  diffusion  experiments  were  carried  out  after 
bringing  the  specimen  to  equilibrium  in  controlled 
oxygen  partial  pressures  (Oz/Ar)  of  1,  0.1,  0.01, 
0.001  atm,  or  pure  argon.  Subsequently,  the  oxygen 
partial  pressure  was  either  increased  to  monitor  the 
oxygen  in-diffusion  or  decreased  for  out-diffusion. 
Using  the  data  of  Lindemer  et  al.  [31  ],  the  oxygen 
partial  pressures  were  directly  related  to  the  oxygen 
content  of  the  specimen  and  hence  the  initial  and  fi¬ 
nal  values  of  x  were  known  for  each  diffusion  ex¬ 
periment.  Figure  1  shows  a  typical  series  of  time-de¬ 
pendent  resistance  curves  for  crystal  C2.  The  data 
were  obtained  at  constant  temperature  (708°C)  as 
the  oxygen  partial  pressure  was  decreased  from  1  atm 
to  0.1,  0.01,  and  0.001.  Equilibrium  resistance  val¬ 
ues,  used  in  the  defect  chemistry  analysis,  allowed 
for  the  construction  of  calibration  curves  which  re¬ 
lated  the  time-dependent  resistance  behavior  to  the 
overall  oxygen  content. 

The  characteristic  relaxation  times,  r,  were  ob¬ 
tained  by  fitting  the  resistance  data  to  the  long-time 
solution  (n=0)  for  three-dimensional  diffusion  into 
a  rectangular  solid 
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Fig.  1 .  Time-dependent  electrical  resistance  for  crystal  C2  during 
oxygen  out-diffusion  between  I  atm  of  oxygen  and  increasingly 
lower  oxygen  partial  pressures.  Equilibrium  values  of  the  resis¬ 
tivity  were  used  in  the  defect  chemistry  analysis,  while  the  cal¬ 
culated  relaxation  times  yielded  information  on  the  diffusion  ki¬ 
netics  between  established  oxygen  concentrations. 

where  the  terms  were  previously  defined  [29].  The 
in-plane  diffusivity  Dab  is  [29] 

5ab=nrx^i  +  bi  +  'fi?)  *  (5) 

where  P  is  the  anisotropy  ratio  between  Dab  and  the 
c-axis  diffusivity,  The  use  of  eqs.  (4)  and  (5) 
and  controlled  oxygen  partial  pressures  enabled  one 
to  determine  the  diffusion  kinetics  between  different 
oxygen  concentrations.  Values  of  Dat>  calculated  in 
this  paper  should  be  considered  average  values  be¬ 
tween  two  different  oxygen  concentrations  as  eqs.  (4) 
and  (5)  were  developed  for  constant  diffusion  coef¬ 
ficients.  Results  for  equilibrium  defect  chemistry  are 
presented  first,  followed  by  concentration-depen- 
dent  diffusion  measurements. 

3.  Results  and  discussion 

i.  1.  Defect  chemistry 

Resistivity  characteristics  were  determined  as  a 
function  of  the  oxygen  partial  pressure  from  450- 


850 °C  for  rectangular  bars  of  polycrystalline  YBCO 
and  at  650°C  and  708°C  for  single  crystals.  The  re¬ 
sistivity  as  a  function  of  temperature  for  a  particular 
polycrystalline  specimen  S2  is  given  in  fig.  2(a) 
which  reveals  a  clear  p-n  transition  near  750°C, 
P(02) =0.001  (jc=0.  1 1 ).  The  behavior  is  indicative 
of  a  change  from  p-type  conductivity  to  n-type  which 
has  been  reported  previously  by  other  groups  [8-12). 
An  Arrhenius  plot  of  the  resistivity  data  from  fig. 
2(a)  reveals  several  different  activation  energies  (fig. 
2(b),  table  1 )  as  determined  from  the  relation 

R=R0exp(E/kT)  .  (6) 

Values  of  the  activation  energy  ranged  between  0.2- 
0.8eV  (table  1 ).  Figure  3  is  a  Log-Log  plot  of  the 
resistivity  versus  oxygen  partial  pressure  with  the 
corresponding  best  linear  fits.  The  slopes  n-  9Logp/ 
dLoglPfO^]  vary  from  approximately  -0.1  at 
450°C  to  less  than  - )  at  higher  temperatures  and 
lower  oxygen  partial  pressures.  (The  slopes  were  not 
completely  linear  at  high  temperatures  suggesting 
non-ideal  oxygen  solute  behavior. )  For  comparison, 
fig.  4  is  a  similar  plot  for  a  single  crystal  specimen, 
C2,  at  650°C  and  708°C  with  slopes,  n,  of  —0.38 
and  -  0.4 1 ,  respectively.  The  similarity  in  exponents 
between  single  crystal  and  polycrystalline  YBCO 
(figs.  3  and  4)  suggests  that  microstructural  features 
(i.e.,  boundaries,  second  phases,  etc.)  and  crystal 
anisotropy  were  not  significant  in  affecting  the  mea¬ 
surement  of  high  temperature  equilibrium  transport 
properties  in  polycrystalline  YBCO  [7-28].  Com¬ 
parison  of  measured  activation  energies  and  oxygen 
exponents  with  values  reported  in  the  literature  also 
served  as  an  indicator  of  sample  quality  and 
consistency. 

The  results  presented  in  figs.  1-4  were  generally  in 
good  agreement  with  other  studies  [7-28]  on  the 
high-temperature  equilibrium  defect  chemistry  and 
conduction  mechanisms  reported  for  YBCO.  The 
similarities  include:  oxygen  partial  pressure  expo¬ 
nents,  n,  for  the  electrical  resistivity  decreasing  from 
-0.1  to  -  0.6  as  temperature  increased,  and  a  p-type 
to  n-type  transition  near  6.1  oxygen  which  agreed 
with  the  results  of  Poratet  al.  [12],  but  not  with  Yoo 
[9]  who  reported  a  transition  near  6.35.  In  general, 
oxygen  exponents  near  - )  in  the  tetragonal  phase 
and  —  i  in  the  orthorhombic  phase  have  been  re¬ 
ported  [7-10,14],  There  is  unfortunately  still  little 
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Fig.  2.  (a)  Values  of  the  equilibrium  resistivity  for  different  ox¬ 
ygen  partial  pressures  (0.001-1  atm)  for  polycrystalline  YBCO 
(specimen  S2)  as  a  function  of  temperature  between  450-850'C. 
A  resistivity  maximum  occurs  near  750°C  for  an  oxygen  partial 
pressure  of  0.001  atm  (oxygen  content  x=0. 1 1 )  which  corre¬ 
sponds  to  a  change  from  primarily  p-type  to  n-type  conductivity, 
(b)  Arrhenius  plot  of  the  equilibrium  resistivity  data  for  speci¬ 
men  S2  from  fig.  2  ( a ) .  The  resistance  curves  were  not  character¬ 
ized  by  a  single  activation  energy  over  the  entire  temperature  range 
(see  table  1). 
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Fig.  3.  Log-Log  plots  of  the  equilibrium  resistivity  values  vs.  ox¬ 
ygen  partial  pressure  for  different  temperatures  for  polycrystal¬ 
line  YBCO  with  corresponding  linear  curve  fits.  The  oxygen  ex¬ 
ponents,  n=3Logp/3Log(F(02)]  (eqs.  (2)  and  (3))  vary  from 
approximately  -0.1  to  -0.6  from  450-800°C.  Non-linear  oxy¬ 
gen  dependences  at  higher  temperatures  suggest  non-ideal  solute 
behavior. 
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Fig.  4.  Log-Log  plot  of  the  equilibrium  resistance  value  vs.  oxy¬ 
gen  partial  pressure  at  650°C  and  708”C  for  a  single  crystal  spec¬ 
imen  (C2). 

consensus  on  which  models  are  appropriate  for  the 
complete  description  of  the  defect  chemistry  for 
YBCO.  Chang  et  al.  [14]  have  suggested  that  a  va¬ 
cancy-filling  model  yields  the  best  fit  to  their  re¬ 
ported  conductivity  data  typical  of  an  ideal  solute 
behavior  of  oxygen  in  YBCO. 

There  are  two  major  features  of  YBCO  which 
complicate  the  development  of  a  defect  model  to  de¬ 
scribe  oxygen:  one,  there  exist  two  distinct  copper 
sites  and,  two,  oxygen  does  not  appear  to  behave  as 
an  ideal  solute  in  YBCO.  Infrared  measurements  by 
Schlesinger  et  al.  [32]  and  calculations  by  Fried¬ 
mann  et  al.  [33]  suggest  that  the  room  temperature 


conductivity  of  fully  oxygenated  YBCO  is  shared  al¬ 
most  equally  between  the  ordered  chain  planes  and 
the  Cu02  sheets.  As  oxygen  is  disordered  it  has  two 
limiting  effects  on  the  conductivity:  one,  it  removes 
effective  hole  carriers  from  the  CuOj  planes  and,  two, 
it  increases  the  scattering  of  that  portion  of  the  con¬ 
ductivity  carried  by  the  CuO  chains.  These  two  dis¬ 
tinct  copper  sites,  each  possessing  its  own  oxygen 
stoichiometry  dependent  conduction  mechanism,  will 
make  it  difficult  to  develop  an  equilibrium  defect 
model  for  YBCO.  Also,  defect-defect  interactions  are 
evident  in  the  copper-oxygen  chain  formation  in  or¬ 
thorhombic  material  [34]  and  chain  fragments  [35] 
in  tetragonal  YBCO  suggesting  that  one  no  longer  has 
a  dilute  solution  of  non-interacting  oxygen  intersti¬ 
tials  (or  oxygen  vacancies).  It  is  outside  the  scope  of 
this  paper  to  propose  a  detailed  defect  model,  but 
the  overall  similarity  of  the  data  in  figs.  1-4  with  re¬ 
ported  results  [  7-28  ]  will  allow  some  general  con¬ 
clusions  to  be  made  as  regards  the  oxygen  diffusion 
mechanisms  (Part  III)  [30]. 

3.2.  Diffusion  measurements 

In  order  to  unambiguously  verify  a  constant  ox¬ 
ygen  distribution  across  a  YBCO  specimen  at  the  be¬ 
ginning  and  end  of  a  diffusion  experiment,  studies 
were  carried  out  on  polycrystalline  and  single  crystal 
specimens  using  different  oxygen  partial  pressures 
ranging  from  0.001  to  1  atm.  Figure  5  shows  the 
chemical  diffusivities,  D,  for  oxygen  in-diffusion 
(eqs.  (4)  and  (5))  for  crystal  C2  at  650°C  and 
708  °C  as  a  function  of  the  initial  oxygen  content, 
while  table  2  contains  the  initial  and  final  x  values 
for  each  diffusion  experiment  and  the  diffusion  coef¬ 
ficients.  As  observed  for  the  out-gassing  in  argon  ex¬ 
periments  (Part  I)  [29],  D  for  in-diffusion  in¬ 
creased  as  the  initial  oxygen  content  decreased. 
However,  the  values  of  D  differ  somewhat  from  those 
measured  by  out-gassing  in  argon  [29],  which  may 
reflect  the  two  different  techniques  used  to  establish 
the  initial  oxygen  contents. 

The  relaxation  times  for  oxygen  in-diffusion  and 
out-diffusion  in  a  polycrystalline  specimen  did  not 
exhibit  the  typical  Arrhenius  temperature-depen- 
dent  behavior  (fig.  6,  table  3).  The  out-diffusion  re¬ 
laxation  times  from  1  atm  of  oxygen  to  partial  pres¬ 
sures  of  0.1,  0.01,  and  0.001  atm  reveal  an  increasing 
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Fig.  5.  Chemical  diffusivity  at  650  °C  and  708  °C  for  crystal  C2 
as  a  function  of  the  initial  oxygen  content  (<2=0.15  cm,  6=0.2 
cm). 


diffusivity  with  increasing  temperature.  As  a  first  ap¬ 
proximation,  activation  energies  were  determined  at 
each  partial  pressure  (fig.  6(a) ).  The  activation  en¬ 
ergy  for  out-diffusion  to  an  oxygen  partial  pressure 
of  0.001  atm  was  0.59(8)  eV  which  was  identical 
(within  experimental  error)  with  the  activation  en¬ 
ergy  determined  during  out-diffusion  in  argon  in  a 
previous  study  [36].  As  A/>(02)  decreased  (i.e.,  the 
Ax  became  smaller),  the  activation  energies  de¬ 
creased  to  almost  0  eV  (fig.  6(a) ).  The  different  ac¬ 
tivation  energies  with  different  Ajc  were  indicative  of 
a  concentration-dependent  diffusivity.  In  light  of  the 
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Fig.  6.  Relaxation  times  for  (a)  oxygen  out-diffusion  and  (b) 
oxygen  in-diffusion  for  poiycrystaliine  YBCO  (S2 )  between  dif¬ 
ferent  oxygen  partial  pressures  (table  3). 


Table  2 

Diffusion  coefficients  for  oxygen  in-diffusion  and  out-diffusion  for  crystal  C2.  The  initial  ( i )  and  final  (f )  oxygen  contents,  6 +x,  were 
established  by  equilibration  in  different  oxygen  partial  pressures.  (Diffusion  lengths:  a- 0.2  cm,  6=0. 1 5  cm ) 


r  (°c> 

(6+Jr)i 

(6+x)r 

5  (cmJs-1) 

In-diffusion 

Out-diffusion 

650°c 

6.53 

6.70 

2.05(1  )X10'6 

I.00(l)Xl0-‘ 

6.37 

6.70 

3.06(3)Xl0-‘ 

2.8(1  )X  10-’ 

6.21 

6.70 

4.56(4)X10-6 

9.4(1  )X10-* 

-6.0 

6.70 

10.1  (2)  X 10-6 

•) 

708 'C 

6.44 

6.60 

4.63(3)X10"‘ 

1.88(3)Xl0-‘ 

6.27 

6.60 

5.19(5)X10-4 

4.02(2)X10-7 

6.14 

6.60 

8.1(l)Xl0-‘ 

2.05(3)X10-7 

-6.0 

6.60 

21.1  (6)X  10-6 

•> 

*’  A  linear  change  in  the  resistance  during  out-diffusion  in  low  F(Oj  )  precludes  the  determination  of  a  relaxation  time. 
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equilibrium  resistivity  results  and  the  well-behaved 
out-diffusion  behavior  in  polycrystalline  specimens 
of  YBCO,  it  is  surprising  that  the  corresponding  ox¬ 
ygen  in-diffusion  relaxation  times  exhibited  such  an 
unusual  temperature-dependent  behavior  (fig.  6(b), 
table  3).  At  most  temperatures,  the  relaxation  times 
show  an  increasing  diffusivity  with  lower  initial  val¬ 
ues  of  x  as  previously  reported  in  Part  I  [29]  and 
now  in  fig.  5.  The  unusual  temperature-dependence 
for  in-diffusion  in  polycrystalline  specimens  was  at¬ 
tributed  to  high  conductivity  shells  which  formed 
during  oxygen  in-diffusion  [36].  The  shell  effects  are 
minimized  or  non-existent  during  out-diffusion  in 
polycrystalline  specimens  (fig.  6(a))  and  for  both 
in-  and  out-diffusion  in  single  crystal  specimens  (fig. 
5  and  refs.  [29]  and  [36]). 


Comparison  of  the  diffusion  coefficients  in  tables 
2  and  3  would  suggest  that,  in  general,  the  calculated 
diffusivities  were  smaller  (i.e.,  slower)  for  out-dif¬ 
fusion  than  in-diffusion.  As  was  shown  previously 
[36],  however,  electrical  resistance  measurements 
are  more  susceptible  to  high-conductivity  shell  ef¬ 
fects  during  in-diffusion  than  out-diffusion.  In  fact, 
single  crystal  specimens  exhibit  a  long  resistance  tail 
during  the  final  stages  of  in-diffusion  which  indi¬ 
cated  that  in-diffusion,  especially  during  the  latter 
stage,  was  intrinsically  slower  than  out-diffusion 
[36].  The  apparently  slower  out-diffusion  shown  in 
tables  2  and  3  was  a  result  of  eqs.  (4)  and  (5)  not 
fitting  the  resistive  tail  at  long  times  during  in-dif¬ 
fusion  for  single  crystal  specimens. 

The  use  of  controlled  oxygen  partial  pressures  to 


Table  3 

Relaxation  times  for  oxygen  in-diflusion  in  polycrystalline  specimen  S2.  The  initial  ( i )  and  final  ( f )  oxygen  contents,  6+x,  were  estab¬ 
lished  by  equilibration  in  different  oxygen  partial  pressures 


rro 

(,6+xh 

(6+x)f 

r(s) 

In-diffusion 

Out-diffusion 

450-C 

6.92 

6.96 

366(12) 

1  240(20) 

6.80 

6.96 

332(16) 

3  340(53) 

6.67 

6.96 

312(12) 

10  137(62) 

500°C 

6.83 

6.92 

135(8) 

734(10) 

6.69 

6.92 

188(11) 

2401(16) 

6.50 

6.92 

228(7) 

11622(113) 

550°C 

6.75 

6.87 

166(8) 

618(10) 

6.56 

6.87 

152(5) 

2338(16) 

6.38 

6.87 

154(3) 

8883(119) 

600° 

6.63 

6.79 

175(5) 

561(18) 

6.45 

6.79 

166(5) 

1816(16) 

6.28 

6.79 

139(4) 

6  974(60) 

650°C 

6.53 

6.70 

206(6) 

530(13) 

6.37 

6.70 

177(4) 

1 558(12) 

6.21 

6.70 

145(4) 

5510(41) 

700°C 

6.45 

6.62 

193(5) 

613(15) 

6.28 

6.62 

142(3) 

1450(13) 

6.15 

6.62 

110(2) 

3650(18) 

750°C 

6.39 

6.55 

179(4) 

538(5) 

6.23 

6.55 

130(3) 

1  440(10) 

6.11 

6.55 

79(1) 

2  341(11) 

800°C 

6.32 

6.49 

263(6) 

677(8) 

6.18 

6.49 

101(2) 

1  112(11) 

6.08 

6.49 

86(2) 

I  124(42)*’ 

850°C 

6.26 

6.44 

302(6) 

542(12) 

6.13 

6.44 

179(3) 

719(29) 

6.05 

6.44 

162(2) 

669(20  )*’ 

*’  Thep-type  to  n-type  conductivity  transition  is  evident  in  the  resistance  data  which  yielded  poor  fits  to  eq.  (2). 
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establish  the  boundary  values  of  x  for  each  diffusion 
experiment  allowed  for  the  corroboration  of  the  con¬ 
centration  dependences  observed  in  the  argon  an¬ 
nealing  experiments  (Part  I)  [29].  Both  techniques 
revealed  an  increasing  diffusivity  during  in-diffusion 
with  decreasing  values  of  x.  Differences  in  the  actual 
values  of  the  diffusivities  and  the  magnitude  of  the 
concentration-dependence  observed  in  Part  I  and  II 
were  attributed  to  the  different  techniques  used  to 
establish  the  oxygen  concentration,  namely,  argon 
annealing  versus  controlled  oxygen  partial  pressures. 
In  Part  III  [30],  factors  which  may  account  for  the 
observed  concentration-dependence  will  be  proposed. 


4.  Conclusion 

In  summary,  high-temperature  electrical  resis¬ 
tance  measurements  in  controlled  oxygen  partial 
pressures  allow  for  the  simultaneous  measurement 
of  equilibrium  transport  properties  and  oxygen  dif¬ 
fusion  kinetics.  The  oxygen  exponents  for  electrical 
resistance,  n,  were  found  to  decrease  from  -0.1  to 
-0.6  with  increasing  temperature.  A  clear  p-type  to 
n-type  semiconductor  transition  was  observed  near 
750°C  and  an  oxygen  content  of  6.1.  The  Log-Log 
dependence  of  the  electrical  resistance  with  oxygen 
partial  pressure  became  increasingly  non-linear  at 
higher  temperatures  indicating  non-ideal  solute  be¬ 
havior.  Consequently,  there  was  some  argument 
whether  one  can  use  ideal  solution  mass-action  equa¬ 
tions  to  describe  the  equilibrium  defect  chemistry  of 
a  highly  defective  and  non-stoichiometric  com¬ 
pound  such  as  YBCO.  The  diffusion  coefficients  for 
oxygen  in-diffusion  were  found  to  increase  with  de¬ 
creasing  oxygen  content  in  single  crystal  YBCO.  Po¬ 
lycrystalline  YBCO  also  revealed  concentration-de¬ 
pendent  diffusion  kinetics;  however,  the  temperature- 
dependence  was  non-Arrhenius,  especially  for  in¬ 
diffusion. 
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In  this  paper,  aspects  of  diffusion  theory  are  discussed  which  could  account  for  the  reported  concentration-dependent  chemical 
diffusion  coefficients  previously  reported  [PhysicaC2l2  ( 1993)  470,478  (this  issue)].  These  factors  include  correlation  effects, 
the  thermodynamic  factor,  the  type  of  mechanism  (i.e.,  vacancy  or  interstitial),  and  the  different  types  of  fundamental  atomic 
jumps.  It  is  proposed  that  defect  interactions  are  primarily  responsible  for  a  concentration-dependent  D.  Examination  of  jump 
pathways  in  orthorhombic  YBCO  indicate  that  diffusion  along  the  copper-oxygen  chain  direction  (along  the  6-axis)  is  more 
favorable  if,  (1 )  the  oxygen  starts  at  the  end  of  a  chain  and,  (2)  the  adjacent  chain  is  empty  of  oxygen.  Intrachain  diffusion  (along 
the  a-axis)  between  two  copper-oxygen  chains  is  more  slow  and  depends  on  the  oxygen  concentration. 


1.  Introduction 

It  is  expected  that  diffusion  in  a  highly  defective 
solid  such  as  YBCO  cannot  be  completely  described 
by  a  simple  random  walk  model.  The  many  ordered 
oxygen  superstructures  which  exist  in  YBCO  [1-3] 
suggest  that  the  detailed  mechanism  for  oxygen  dif¬ 
fusion  will  be  quite  complex.  The  local  environr.ent 
that  a  diffusing  oxygen  ion  or  atom  will  experience 
varies  from  completely  ordered  copper-oxygen 
chains  and  {110}  thin  walls  in  the  orthorhombic 
structure  1 )  to  individual  oxygen  ions  in  the  low 
oxygen  limit  (.v~0)  of  tetragonal  YBCO.  It  is  the 
purpose  of  this  paper  (Part  III)  to  assimilate  the  ex¬ 
perimental  results  reported  previously  on  the  con¬ 
centration-dependent  chemical  diffusion  coefficient 
(Parts  I  and  II)  [4,5]  with  other  reported  studies 
[6-27]  in  order  to  examine  possible  mechanism(s) 
describing  oxygen  diffusion  in  YBCO.  Fundamental 
oxygen  jumps  available  to  a  mobile  oxygen  anion  will 
be  scmi-quantitatively  evaluated  with  an  oxygen  in¬ 
teraction  model  [1],  These  oxygen  interactions  are 

1  Present  address:  Department  of  Chemistry  and  Materials  Re¬ 
search  Laboratory,  University  of  Illinois  at  Urbana-Cham¬ 
paign,  Urbana,  IL  61801,  USA 


expected  to  contribute  to  the  correlation  coefficient 
and  the  thermodynamic  factor  (i.e.,  non-ideal  solute 
behavior). 

The  complexity  inherent  in  developing  an  oxygen 
diffusion  model  for  YBCO  is  exemplified  in  the  dif¬ 
ficulty  in  establishing  a  reference  structure.  One  pos¬ 
sible  reference  structure  is  the  oxygen  deficient 
YBa2Cu306in  which  theO(  1 )  and  0(5)  sites  would 
both  be  considered  interstitial  sites  [28].  If  fully  or¬ 
dered  YBa2Cu307  is  the  reference  structure,  then  the 
vacant  0(5)  sites  are,  in  fact,  interstitials,  while  the 
0(1)  oxygen  reside  on  normal  lattice  sites.  An 
0(  1  )-*0(5)  oxygen  jump  would  then  create  a  Fren¬ 
kel  defect,  while  an  oxygen  anion  hopping  from  an 
0(5)  site  to  an  0(5)  site  would  be  typical  of  an  in¬ 
terstitial  diffusion  mechanism  (fig.  1 ).  A  collinear 
or  non-collinear  interstitialcy  mechanism  would  oc¬ 
cur  when  an  interstitial  0(5)  oxygen  displaced  an 
0(1)  oxygen  to  another  0(5)  interstitial  site  (fig. 
1),  while  a  direct  0(1)-»0(1)  intrachain  jump 
would  be  typical  of  a  vacancy  mechanism.  As  the  lat¬ 
tice  loses  more  oxygen,  and  the  oxygen  configura¬ 
tions  become  more  varied  the  possible  jumps  avail¬ 
able  to  an  oxygen  anion  may  become  more  complex. 
In  section  2,  the  diffusion  literature  is  briefly  re¬ 
viewed.  Section  3  discusses  factors  which  account  for 
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Fig.  1.  The  ideally  ordered  copper  oxygen  chain  plane  in  YBCO. 
The  0(5)  positions  are  interstitial  sites,  while  the  0( ! )  posi¬ 
tions  are  normal  lattice  sites. 

observed  concentration  dependence  in  the  chemical 
diffusion  coefficient,  D,  while  section  4,  examines 
fundamental  diffusive  jumps  available  to  an  oxygen 
anion  in  orthorhombic  YBCO. 


2.  Literature  survey 

Fundamental  oxygen  diffusion  behavior  has  been 
measured  in  YBCO  by  tracer  diffusion  techniques 
[6-10]  and  internal  friction  measurements  [11-18]. 
Rothman  et  al.  [6,7]  used  secondary  ion  mass  spec¬ 
troscopy  (SIMS)  to  measure  l80  profiles  in  both  po- 
lycrystailine  and  twinned  and  untwinned  single  crys¬ 
tal  YBCO.  Major  findings,  include  [6,7] 

( 1 )  the  diffusivity  was  not  a  function  of  oxygen  par¬ 
tial  pressure  within  a  factor  of  two  implicating  either 
a  concentration-independent  D *  or  two  different  fac¬ 
tors  in  the  diffusion  coefficient  possessing  opposite 
and  nearly  equal  compositional  dependences; 

( 2 )  the  Arrhenius  behavior  of  the  diffusivities  sug¬ 
gested  a  single  diffusion  mechanism  over  all  tem¬ 
peratures  from  300-8  50 ’’C  described  by  the  Arrhen¬ 
ius  expression  of  the  form  D*=  I.4x  10-4 exp(- 
0.97(5)  eV/kT)  cm2/s,  and 

(3)  diffusivities  were  found  to  be  highly  anisotropic 
with  D;~10-2Z);  and  D*  - \0-*-l0~6D*b. 

Oxygen  diffusion  in  YBCO  is  expected  to  be  highly 
anisotropic  for  two  reasons.  First,  the  lattice  has 


either  tetragonal  or  orthorhombic  symmetry  such  that 
diffusion  is  described  by  two  or  three  independent 
diffusion  coefficients  aligned  with  the  crystallo¬ 
graphic  axes.  Second,  the  mobile  oxygen  ions  are  lo¬ 
cated  almost  exclusively  on  the  0(  1 )  and  0(5)  sites 
associated  with  the  copper-oxygen  chain  plane, 
hence,  diffusion  in  the  c-direction  is  expected  to  be 
extremely  slow  in  comparison  with  the  ab-p lane  di¬ 
rections.  Furthermore,  the  anisotropy  between  the  a- 
and  6-directions  strongly  suggests  that  oxygen  dif¬ 
fusion  is  faster  along  the  chains  than  perpendicular 
to  the  chains  [7],  Bredikhin  et  al.  [10]  have  mea¬ 
sured  activation  energies  of  -  1.27  eV  and  2.3  eV  in 
the  a  6-plane  direction  and  the  c-direction,  respec¬ 
tively.  This  suggests  that  as  the  temperature  in¬ 
creases,  the  anisotropy  Dlt/D *  should  decrease.  In 
fact  D'b/D*  was  found  to  vary  from  approximately 
104  to  102  from  400°C  to  800°C  (ref.  [  10] ). 

Self-diffusion  coefficients  of  oxygen  in  YBCO  as 
a  function  of  both  frequency  and  temperature  have 
been  determined  from  internal  friction  studies  which 
are  assumed  to  be  relatively  independent  of  the  mi¬ 
crostructure  [  1 1-18].  In  YBCO  the  atomic  motions 
which  give  rise  to  a  loss  peak  are  considered  to  be 
0(l)-*0(5)  jumps.  Xie  et  al.  [11]  reported  that 
£>=3.5x  10-4  exp(  - 1.03  eV//cT)  cm2s-1  while 
Tallon  and  Staines  [12]  measured  Z)=1.8x 
10-4  exp(  — 1.07  t\ fkT)  cm2s"'  which  are  in  close 
agreement  with  the  tracer  diffusion  studies  of  Roth¬ 
man  et  al.  [6,7],  Differences  between  the  activation 
energies  determined  by  internal  friction  measure¬ 
ments  and  tracer-diffusion  experiments  should  allow 
one  to  determine  the  enthalpy  of  formation  of  a  va¬ 
cancy  (section  3). 

Few  models  have  been  proposed  to  describe  ox¬ 
ygen  diffusion  in  YBCO.  Rothman  et  al.  [7]  suggest 
that  oxygen  can  only  be  added  to  or  removed  from 
the  ends  of  ordered  chains  and  will  proceed  with  lit¬ 
tle  hindrance  down  the  open  channels  between  the 
chains  (a  series  of  0(5)— *0(5)  jumps)  before  at¬ 
tachment  to  the  end  of  another  chain.  This  model 
has  been  supported  by  theoretical  work  which  re¬ 
ported  an  activation  energy  for  motion  in  the  6-di¬ 
rection  of  nearly  zero  [24],  This  mechanism  would 
account  for  the  concentration-independent  tracer 
diffusivity  and  for  the  anisotropy  between  D‘  and 
D*  (ref.  [7]);  however,  it  does  not  describe  diffu¬ 
sion  in  the  tetragonal  structure  which  lacks  long-range 
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ardercd  chains.  (Rarjomly  arranged  short  chain 
fragments  have  been  theoretically  predicted  [25].) 
While  the  tracer  diffusion  studies  [6,7]  suggest  a 
concentration -independent  oxygen  diffusivity  in 
YBCO,  the  internal  friction  [12],  chemical  diffu¬ 
sion  [4,5,19,20],  and  modeling  [21,22]  studies  all 
suggest  a  concentration  -dependent  diffusivity.  In  the 
following  section,  factors  are  examined  which  may 
be  responsible  for  a  concentration-dependent  B. 


3.  Concentration-dependent  chemical  diffusion 

3. 1.  Vacancy  diffusion 

A  vacancy  diffusion  mechanism  often  gives  rise  to 
a  concentration-dependent  diffusivity  according  to 
the  expression 

Dm=otJTKa2,  (1) 

which  contains  terms  for  the  correlation  coefficient, 
f,  the  mean  jump  frequency,  T,  the  vacancy  fraction, 
/Vv,  the  jump  distance,  a,  and  a  geometric  factor,  a. 
(a  =  J  for  diffusion  on  a  square  lattice.)  If  one  con¬ 
siders  the  0(  1 )  and  0(5)  sites  equivalent,  then  the 
vacancy  availability  factor,  Ny,  in  eq.  ( 1 )  can  be 
written  in  terms  of  the  oxygen  content  as  vVv  = 
(2-x)/2.  This  term  alone,  however,  could  not  ac¬ 
count  for  the  approximately  four-fold  change  in  B 
with  initial  oxygen  content  [4,5].  Evaluation  of  the 
ratio  Wv(x=0)/Ary(x=  1 ),  predicts  a  maximum 
possible  enhancement  of  only  2  over  the  concentra¬ 
tion  range  0<*<1.  Theoretically,  tracer  diffusion 
measurements  should  be  able  to  detect  such  a  con¬ 
tribution  of  A'v  towards  the  oxygen  diffusion  coef¬ 
ficient  in  YBCO;  however,  studies  [6,7]  are  re¬ 
ported  only  within  an  experimental  uncertainty  of  a 
factor  of  two.  More  precise  measurements  will  be 
needed  before  one  can  definitively  rule  out  a  va¬ 
cancy  diffusion  mechanism. 

Further  evidence  against  a  vacancy  diffusion 
mechanism  includes  a  comparison  of  activation 
energies  reported  in  tracer  diffusion  and  internal 
friction  studies  [6-I8J.  The  activation  energy  from 
tracer  diffusion  measurements,  Q,n „r,  for  a  vacancy 
diffusion  model  will  contain  two  terms  for  the  en¬ 
thalpies  of  formation,  A//v,  and  migration,  A Hm, 


GlI«,  =  A//v  +  A//m,  (2) 

whereas  the  activation  energy  from  internal  friction 
measurements,  Qif,  will  contain  only  one  term  for 
migration 

GiF  =  A//m.  (3) 

Theoretically,  the  difference  in  these  two  energies 
should  yield  the  enthalpy  of  vacancy  formation, 
A  Q  —  Qinctt  —  Q,f  =  AHv.  However,  the  similarity  in 
activation  energies  ( - 1  eV )  measured  by  both  tracer 
measurements  [6,7]  and  by  internal  friction  studies 
[11-18]  suggests  that  A Hv  for  an  oxygen  vacancy  is 
extremely  small  or  zero  (A//v<0.1  eV).  For  most 
cases  of  interest,  the  vacancy  availability  factor,  Nv, 
in  eq.  ( 1 )  can  be  assumed  to  be  approximately  1 
across  the  entire  range  of  non-stoichiometry  and, 
hence,  does  not  contribute  significantly  to  a  concen¬ 
tration-dependent  B. 

3.2.  Interstitial  diffusion 

In  the  limit  of  completely  ordered  and  oxygenated 
YBCO  (at-  1 ),  oxygen  may  diffuse  by  an  interstitial 
mechanism.  Ideal  solution  mass-action  equations 
(see  Part  II)  [5]  often  do  not  completely  describe 
the  electrical  transport  properties  of  a  highly  disor¬ 
dered  material.  However,  they  may  serve  as  an  ini¬ 
tial  reference  point  in  describing  the  defect  chem¬ 
istry  for  YBCO.  At  lower  temperatures  (450-550°C) 
the  oxygen  partial  pressure  exponents  relating  P(02) 
to  the  isothermal  resistivities, 

9  Log  pi 9  Log  [  P(  02 )  ] ,  were  on  the  order  of  -  0. 1  to 
-0.25  (ref.  [5]).  These  are  close  to  an  expected 
-  5  ( -  0. 1 7 )  dependence  predicted  by  an  interstitial 
model  [5] 

0"  +  2hri]02+Vi,  (4) 

where  the  terminology  was  given  previously  [  5  ] .  The 
vacant  0(5)  sites  in  YBCO  are  interstitial  sites  with 
reference  to  the  completely  ordered  YBa2Cu307 
structure  (fig.  1);  hence,  the  diffusion  model  of 
Rothman  et  al.  [7]  may  describe  oxygen  diffusion 
by  an  interstitial  mechanism  through  successive 
0(5)~*0(5)  jumps.  Consequently,  at  high  oxygen 
concentrations,  the  tracer  diffusivity  would  be  in¬ 
dependent  of  the  concentration  as  reported  [6,7].  If 
the  model  of  Rothman  et  al.  [7]  is  valid,  one  would 
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expect  the  disordering  of  oxygen  from  the  0(1)  to 
the  0(5)  sites  to  eventually  block  the  interstitial 
rows.  This  would  lead  to  a  decrease  in  Dm  as  x  de¬ 
creases  initially  from  x=  1. 

3.3.  Correlation  coefficient 

In  orthorhombic  YBCO,  oxygen  anion  jumps  have 
been  predicted  to  be  strongly  correlated  [22,23]. 
Therefore,  a  candidate  for  a  concentration-depen- 
dent  diffusivity  can  be  found  in  the  correlation  coef¬ 
ficient,/  in  the  expression 

D’=:afa2v.  (5) 

The  correlation  coefficient  accounts  for  the  fact  that 
atomic  jumps  are  often  not  strictly  random  [29],  If 
there  is  a  greater  than  even  chance  that  a  diffusing 
atom  will  return  to  the  site  from  which  it  just  left,  the 
jumps  are  correlated  and / will  become  less  than  one. 
Correlation  effects  are  often  evident  in  curved  Ar¬ 
rhenius  plots  according  to  the  expression  [29] 

%■  <6) 

where  Q  is  the  measured  activation  energy  for  dif¬ 
fusion  and  H  is  the  enthalpy  for  an  atomic  jump 
found  in  the  jump  frequency,  v.  The  absence  of  cur¬ 
vature  reported  by  Rothman  et  al.  [6,7  ]  does  not  rule 
out  correlation  effects  because,  as  mentioned  pre¬ 
viously,  there  was  a  factor  of  two  experimental 
uncertainty. 

One  possible  cause  for  correlated  jumps  includes 
oxygen  defect  interactions  which  occur  in  highly  dis¬ 
ordered  materials  such  as  YBCO.  For  example,  in 
tetragonal  YBCO,  an  oxygen  anion  may  prefer  to  be 
a  part  of  a  chain  (fig.  2(b) )  rather  than  be  by  itself 
( fig.  2 ( a ) ) .  Consequently,  jumps  which  place  an  ox¬ 
ygen  on  an  0(1)  site  with  another  next  nearest 
neighbor  (nnn )  0(  1 )  oxygen  are  more  probable  and, 
hence,  will  be  correlated.  It  has  been  suggested  that 
f-> 0  as  jumps  become  highly  correlated  in  the  oxy¬ 
gen  ordered  orthorhombic  structure,  while  /-*  1  for 
the  tetragonal  structure  [23].  However,  oxygen  in¬ 
teractions  are  still  expected  to  occur  in  macroscop- 
ically  tetragonal  YBCO  and  may  result  in  biased 
atomic  jumps.  Consequently,  the  expected  chain 
fragments  (or  clusters)  in  the  tetragonal  phase  could 
result  in  concentration-dependent  correlation  coef- 
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Fig.  2.  (a)  Randomly  arranged  oxygen  anions  in  tetragonal 
YBCO.  (b)  Randomly  arranged  chain  fragments  or  defect  clus¬ 
ters  in  tetragonal  YBCO. 

ficients  less  than  1.  Measurements  of  the  correlation 
coefficient  have  not  been  reported. 
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3.4.  Defect  interactions  and  the  thermodynamic 
factor 

Orthorhombic  YBCO  has  one-dimensional  cop¬ 
per-oxygen  chains  which  form  when  oxygen  atoms 
order  on  the  0(  1 )  sites  leaving  the  0(5)  sites  es¬ 
sentially  vacant  [28].  The  chains  disorder  above 
~  700°C  in  pure  oxygen  to  yield  macroscopically  te¬ 
tragonal  YBCO.  Theoretical  oxygen-oxygen  inter¬ 
action  models  suggest  that  short-range  oxygen  or¬ 
dering  in  the  form  of  chain  fragments  exist  in 
tetragonal  YBCO  [1,2,25].  Randomly  arranged 
chain  fragments  would  still  give  equal  occupancies 
for  the  0(1)  and  0(5)  sites  and  macroscopic  te¬ 
tragonal  symmetry.  The  change  from  tetragonal  to 
orthorhombic  symmetry  in  YBCO  can  then  be 
viewed  as  the  gradual  coalescence  and  long-range  or¬ 
dering  of  these  fragments  at  the  transformation  tem¬ 
perature.  This  ordering  in  YBCO  would  suggest  a 
non-ideal  solute  behavior  in  YBCO  across  the  entire 
range  of  oxygen  nonstoichiometry,  .v,  which  is  typ¬ 
ical  of  a  highly  defective  solid.  Consequently,  oxygen 
interactions  are  expected  to  influence  oxygen  mo¬ 
bility  characteristics  and  are  the  prime  candidates 
for  a  concentration-dependent  chemical  diffusivity. 

The  influence  of  ordered  copper-oxygen  chain 
structures  on  the  oxygen  diffusion  behavior  is  evi¬ 
dent  in  the  reported  diffusion  anisotropy  between  the 
a  and  b  crystallographic  directions  (D*~O.OlDt) 
(ref.  [7])  and  from  computer  simulations  [26]. 
(This  anisotropy  was  reported  to  have  completely 
disappeared  at  650 CC  [30].)  A  purely  random  dis¬ 
tribution  of  oxygen  ions  in  the  tetragonal  structure 
(fig.  2(a))  may  result  in  unfavorable  atomic  coor¬ 
dinations  (e.g.,  three-fold  coordinated  copper  in 
YBCO).  Therefore,  some  degree  of  defect  ordering 
in  the  form  of  short  chain  fragments  [  1 ,2,25  ]  of  four¬ 
fold  coordinated  Cu  ( 1 )  ions  is  to  be  expected  in  te¬ 
tragonal  YBCO  (fig.  2(b) ).  The  length  of  these  chain 
fragments  will  increase  as  both  the  temperature  de¬ 
creases  and  the  oxygen  concentration  increases 
[  1 ,2,25  ] .  Consequently,  there  are  several  types  of 
oxygen  defects  expected  in  tetragonal  YBCO:  lone 
oxygen  anions  (labeled  as  a  in  fig.  2(b) )  and  oxygen 
chain  fragments  of  length  two  ((3),  three  (k),  four 
(X),  etc.  These  chain  fragments  or  defect  clusters  may 
have  interaction  and  mobility  dynamics  which  de¬ 
pend  not  only  on  temperature,  but  also  on  oxygen 


concentration.  Clusters  may  behave  as  “lone”  de¬ 
fects  capable  of  diffusing  as  a  whole  through  a  solid, 
or  their  participation  may  be  more  indirect  as  in  pro¬ 
viding  a  source  or  sink  for  oxygen  ions  which  could 
diffuse  individually  from  one  cluster  to  another.  In 
YBCO,  both  of  these  processes  may  occur 
simultaneously. 

If  indeed,  D *  is  concentration-independent  as  re¬ 
ported  [6,7],  then  a  concentration-dependent  D 
(Parts  I  and  II)  [4,5]  cannot  be  due  to  either  the 
vacancy  availability  factor,  the  correlation  coeffi¬ 
cient,  or  the  jump  distance  (eq.  ( 1 ) ).  Therefore,  the 
only  remaining  possibility  would  be  a  concentration- 
dependent  thermodynamic  factor  6  In  y/3  In  x  in  the 
expression 


where  y  is  the  activity  coefficient  of  oxygen.  The 
measured  chemical  diffusivities  in  YBCO  have  gen¬ 
erally  been  larger  than  values  reported  for  tracer  or 
self-diffusivities.  This  suggests  a  significant  contri¬ 
bution  from  the  thermodynamic  factor  to  the  en¬ 
hancement  of  the  chemical  diffusivity  (eq.  (7)).  For 
example,  D  for  oxygen  in  YBCO,  at  an  initial  con¬ 
centration  of  ~6.4  at  708°C,  was  of  the  order  of  10~6 
cm2s-'  (refs.  [4]  and  [5])  while  D*  was  reported 
to  be  approximately  10-9  cm2s~'  at  700°C  (ref. 
[6] ).  Consequently,  the  thermodynamic  factor  may 
be  as  large  as  1000  (eq.  (7)). 

The  thermodynamic  factor  contains  the  oxygen 
activity  coefficient  which  should  be  unity  at  infinite 
dilution  and  may  be  expected  to  decrease  as  the  sol¬ 
ute  concentration  increases  due  to  electrostatic  in¬ 
teractions  between  oxygen  anions  and  the  lattice.  The 
effective  oxygen  concentration  would  be  lowered  be¬ 
cause  the  ions  are  associated  into  ordered  configu¬ 
rations.  Consequently,  the  measured  oxygen  partial 
pressure  surrounding  the  system  would  be  less  than 
expected  for  the  actual  oxygen  content  in  the  ma¬ 
terial.  The  thermodynamic  factor  can  theoretically 
be  measured  from  the  relationship  between  the  ox¬ 
ygen  content  of  a  YBCO  specimen  and  the  surround¬ 
ing  oxygen  partial  pressure  according  to  [20]. 

a  In  y  1  a  In  P(P2) 

9  In  x  2  9  In  .v 
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Large  thermodynamic  factors  have  been  measured 
directly  [20,27]  and  predicted  theoretically  [22,23]. 
A  concentration-dependent  oxygen  activity  would  be 
evident  in  a  curved  plot  of  ln[P(02)]  versus  ln(jc). 
If  one  examines  such  plots  in  refs.  [20,27,31  ],  a  cur¬ 
vature  is  apparent;  hence,  a  concentration-depen¬ 
dence  is  expected  in  both  the  thermodynamic  factor 
and  D  (eq.  (7)). 


4.  Diffusion  pathways 

The  fundamental  jump  mechanism (s)  for  an  ox¬ 
ygen  ion  in  YBCO  has  not  been  clearly  established. 
The  many  ordered  oxygen  structures  from  0<x<  1 
suggest  that  the  paths  available  for  atomic  jumps  may 
also  vary  with  oxygen  concentration.  In  other  words, 
the  jump  distance,  a,  in  eq.  ( 1 )  may  vary  with  ox¬ 
ygen  concentration,  hence  giving  rise  to  the  concen¬ 
tration-dependence  in  D  [4,5,19,20].  Inspection  of 
eq.  ( 1 )  reveals  that  a  two-fold  change  in  the  jump 
distance  with  concentration  would  result  in  a  four¬ 
fold  change  in  the  diffusion  characteristics.  How¬ 
ever,  evidence  for  such  a  large  change  in  jump  dis¬ 
tance,  a,  with  concentration  has  not  been  seen  in 
tracer  diffusion  measurements  [6,7], 

In  this  section,  the  possible  two-dimensional  [32] 
jump  pathways  will  be  examined  for  two  of  the  or¬ 
dered  oxygen  structures,  namely  the  Ortho  I  1 ) 
and  Ortho  II  (jc~0.5)  structures.  Doping  studies 
[33]  (e.g,  Fe,  Al,  F  etc.)  indicate  that  it  is  possible 
to  have  7  to  8  anions  per  unit  cell  in  YBCO.  This 
clearly  demonstrates  that  there  is  physical  room  for 
an  oxygen  anion  on  the  0(5)  site,  suggesting  that  it 
will  be  primarily  the  electrostatic  charge  of  the  ox¬ 
ygen  ion,  rather  than  its  size,  which  will  control  fun¬ 
damental  diffusive  jumps  in  YBCO.  For  this  reason, 
the  oxygen  ordering  model  of  deFontaine  et  al.  [  1  ] 
was  used  to  semi-quantitatively  examine  the  ener¬ 
getics  of  particular  diffusive  jumps  in  YBCO.  The 
oxygen  anions  with  a  net  negative  charge  will  repel 
each  other  when  brought  to  nearest  neighbor  (nn) 
sites  (i.e.,  0(  1 )  and  0(5) )  or  nnn  sites  between  two 
chains  (i.e.,  two  intrachain  0(1)  sites)  as  denoted 
by  V,  and  V3,  respectively  (fig.  3).  The  most  favor¬ 
able  site  interaction  occurs  when  two  nnn  0(  1 )  sites 
are  part  of  a  single  chain  and  are  bridged  by  a  Cu(  I ) 
copper  cation  as  denoted  by  the  V2  parameter  in  fig. 


•  Cu(l) 

O oa) 

□  0(5) 


Fig.  3.  Site  interaction  parameters  Vx,  V2,  V2  between  chain  plane 
oxygen  sites,  F2<0<  V3<  Vt  (after  ref.  ( 1  ] ). 


3.  This  attractive  interaction  between  oxygen  anions 
favors  chain  formation.  Sterne  and  Willie  [34]  re¬ 
ported  interaction  potentials  of  K,  =  0.38  eV, 
V2=  -0.13  eV,  and  F3=0.06  eV  which  can  be  used 
to  estimate  the  increase  in  energy,  A E,  associated  with 
different  oxygen  configurations  encountered  during 
oxygen  jumps.  Estimates  are  made  in  the  following 
two  sections.  (Note:  these  AFs  are  not  activation 
energies  as  they  do  not  represent  the  typical  intt  -site 
saddle  potentials  one  normally  considers  for 
diffusion. ) 


4. 1.  Diffusion  in  the  Ortho  /  structure 


In  the  ideal  orthorhombic  structure  (*=1),  the 
only  jump  sites  available  to  an  0(  1 )  oxygen  are  the 
four  nn  0(5)  positions  (denoted  by  x's  in  fig.  4(a) ). 
This  jump  is  unfavorable  as  the  diffusing  oxygen  an¬ 
ion  would  now  have  three  nn  oxygens  and  the  energy 
of  the  system  would  be  raised  by  AEti  =  (3Vl- 
2  Kj  -  2  V2 )  =  1 . 1 8  eV  >  0.  Estimates  of  A E  are  listed 
in  table  1 .  The  oxygen  ion  would  most  likely  prefer 
to  return  to  its  original  chain  site,  thus,  making  this 
type  of  jump  correlated  (fig.  4(a)).  Motion  of  an 
0(1)  oxygen  becomes  more  probable  when  a  nnn 
0(1)  oxygen  vacancy  is  created,  which  results  in  two 
distinct  O  ( 5 )  sites  labeled  a  and  b  in  fig.  4  ( b ) .  If  the 
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Fig.  4.  (a)  Four  highly  correlated  jumps  available  to  an  0(  1 ) 
oxygen  in  Ortho  I  YBCO.  (b)  An  oxygen  anion  is  more  likely  to 
make  an  interchain  jump  if  it  belongs  to  the  end  of  a  chain,  (c) 
A  jump  to  the  b-site  is  energetically  less  favorable  than  (d)  a  jump 
to  the  a-site.  (e,  f )  Suggested  interchain  diffusion  mechanism  in 
Ortho  I  YBCO  (path  1,  2).  (g)  A  seriesofO(5)-»0(5)  hops  is 
energetically  unfavorable  (path  3).  (h)  Proposed  interchain  dif¬ 
fusion  mechanisms  for  Ortho  I  YBCO. 


Oa  atom  hops  to  the  b  site,  it  will  have  three  nn  ox¬ 
ygens  and  the  energy  is  raised  by  =  3  K,  - 

V2  =  1.05  eV  (fig.  4(c)).  However,  a  jump  to 
the  a  site  will  result  in  two  nn  oxygens  with  an  in¬ 
crease  in  energy  of  only  AE*S  =  2Vl—2V3  —  V2  = 
0.67  eV  (fig.  4(d)).  The  relation  between  the  ener¬ 
gies  is  simply  0<  AE‘S  <  A£*s  <  A£j5  (table  1).  In 
other  words,  the  jump  shown  in  fig.  4(d)  is  ener- 


Table  t 

Configuration  energies  for  an  oxygen  anion  during  diffusion  based 
on  the  interaction  parameters  in  ref.  [33]. 


Ortho  I 

Ortho  II 

A£(eV) 

Fig. 

A£(eV) 

Fig. 

A£,)=  1.18 

4(a) 

A£,,  =0.26 

5(a) 

A£*s  =0.67 

4(b,  d) 

A£IS=0.64 

5(a) 

A£?s  =  1.05 

4(b,c) 

A£*j  =0.51 

S(b,d) 

A£jS  =  1.52 

4(g) 

i  =0.13 

5(b.c) 

Af,  j  =  0.76 

5(f) 

Note:  The  subscripts  refer  to  the  0(  I )  and  0(5)  sites.  The  su¬ 
perscripts  differentiate  the  oxygen  sites  according  to  the  local  ox¬ 
ygen  environment  as  identified  in  figs.  4  and  S. 

getically  more  favorable.  Therefore,  one  can  envis¬ 
age  diffusion  in  the  6-direction  (fig.  4(e))  in  which 
Oa  jumps  to  the  nnn  vacant  0(  1 )  site  along  the  chain 
by  following  path  1 ;  subsequently,  the  OP  oxygen  may 
proceed  along  path  2  (fig.  4(e)  and  (f ) ).  This 
mechanism  for  diffusion  along  the  b-direction  is  more 
likely  than  the  model  proposed  by  Rothman  et  al. 
[7]  (fig.  4(g),  path  3).  The  model  of  Rothman  et 
al.  [7]  consisted  of  an  oxygen  hopping  from  the  end 
of  one  chain  onto  an  0(5)  site,  followed  by  a  series 
of  0(5)-*0(5)  jumps  until  it  comes  to  the  end  of 
another  chain  represented  by  pi  (path  3).  In  ac¬ 
cordance  with  a  side  interaction  model,  this  diffu¬ 
sion  pathway  would  be  energetically  unfavorable. 
Jumps  from  0(5)-*0(5)  sites  between  two  fully  or¬ 
dered  chains  would  place  the  diffusing  oxygen  ion 
between  four  nn  0(  1 )  anions;  an  increase  in  energy 
of  A£55=4K,  =  1.52  eV.  Hence,  a  jump  to  the  nnn 
0(  1 )  oxygen  vacancy,  p2,  is  more  probable  (path  1 
in  fig.  4(g)). 

Two  types  of  intrachain  jumps  are  possible  in  the 
Ortho  I  structure  as  represented  by  oxygen  y  and  Y 
(fig.  4(h)).  Oxygen  Oy  has  two  nnn  0(1 )  oxygen 
while  Y  *s  at  the  end  of  a  copper-oxygen  chain  with 
only  one  nnn  0(1)  site.  Oy  has  two  possible  path¬ 
ways  to  the  vacant  site;  first,  it  can  first  jump  to  an 
0(5)  site  (path  4)  or,  second,  it  can  jump  directly 
to  the  0(1 )  site  (path  5).  Motion  of  the  Oy,  how¬ 
ever,  will  result  in  the  formation  of  two  new  chain 
ends  which  raises  the  energy  of  the  system.  In  gen¬ 
eral,  it  should  be  easier  for  an  oxygen  anion  to  ini¬ 
tiate  a  hop,  if  it  is  at  the  end  of  a  chain  (OY),  than 


494 


J.R.  LaGraff.  D.A.  Payne  /  YBCO  oxygen  diffusivity  III 


if  it  is  part  of  a  chain  (Oy)  (fig.  4(h)).  Diffusion  of 
Of  can  proceed  by  both 

( 1 )  an  intrachain  jump  along  either  an  0(  1  )-*0(  1 ) 
orO(l)-0(5)-0(l)  path  (fig.  4(h))  or, 

(2)  an  interchain  jump  as  shown  previously  (fig. 
4(e)  and  (f)).  Motion  of  both  Oy  and  Oy'  would 
result  in  a  net  diffusive  flux  in  the  a -direction.  The 
in-plane  anisotropy  DJ/DJ  ~  100  near  300° C  sug¬ 
gests  that  intrachain  motion  of  oxygen  is  less  likely 
than  the  interchain  hopping  shown  in  fig.  4(e)  and 
(f ).  However,  as  more  vacant  0(  1 )  sites  appear,  in¬ 
trachain  hopping  could  become  more  pronounced 
with  a  corresponding  decrease  in  D%/D*.  Since  in¬ 
trachain  diffusion  would  require  oxygen  vacancies 
on  neighboring  chains,  the  a-axis  diffusivity  is  ex¬ 
pected  to  be  concentration-dependent. 

4.2.  Diffusion  in  the  Ortho  II  structure 

The  ideal  Ortho  II  structure  consists  of  alternating 
full  copper-oxygen  chains  and  empty  chains  (fig. 
5(a) ).  This  structure  has  a  more  open  environment 
for  a  diffusing  0(  1 )  oxygen  anion  (fig.  5(a))  and 
provides  two  possible  jump  sites;  an  0(l)-»0(5) 
hop  (path  1 )  ora  direct 0(1 )  — »0(  1 )  hop  (path  2). 
The  jump  to  the  0(5)  site  would  change  the  energy 
by  A£,s  =  V, -2K2=0.64  eV>0  while  the  intra¬ 
chain  hop  to  the  neighboring  0(1)  site  would  change 
the  energy  by  AE,,  =  -2V2  =0.26  eV  (table  1). 
Since  AE, ,  < AE1S,  the  0(  1 )  -*0(  1 )  jump  is  more 
favorable.  In  fig.  5(b)  a  single  0(  1 )  oxygen  has  been 
removed  from  a  full  chain  resulting  in  two  types  of 
0(5)  sites  labeled  a  and  a'.  An  Oa  oxygen  hopping 
to  an  a'  site  would  change  its  energy  by  A E‘,'5  =  - 
K2=0.13  eV  (fig.  5(c))  while  a  hop  to  the  a  site 
would  change  the  energy  by  AE*5  =  —  V2  +  V,  = 
0.51  eV  (fig.  5(d)).  In  other  words,  AEf,  <AE‘S, 
and  the  a' jump  is  expected  to  be  more  probable  (fig. 
5(c)).  Consequently,  one  can  envisage  6-direction 
diffusion  occurring  in  a  manner  similar  to  the  Ortho 
I  structure  (fig.  5(e)  and  (f ) )  in  which  an  oxygen 
atom  at  the  end  of  a  chain  would  make  an 
0(l)->0(5)-*0(l)  jump  (fig.  5(e))  resulting  in 
net  diffusion  in  the  6-direction.  The  neighboring 
empty  chain,  however,  makes  the  0(5)-»0(5)  dif¬ 
fusion  model  of  Rothman  et  al.  [7]  energetically 
more  probable  (fig.  5(f))  than  in  the  Ortho  I  struc¬ 
ture  (fig.  4(g)).  An  oxygen  residing  in  an  0(5)  site 


during  diffusion  in  the  Ortho  II  structure  would  have 
at  most  two  nn  0(1)  oxygen  anions 
(A£55=2K,  =  0.?6  eV)  by  comparison  with  four  nn 
oxygens  (A£iS=4V, )  in  the  Ortho  I  structure  (table 
1 ).  Intrachain  jumps  in  the  Ortho  II  structure  are 
considered  to  occur  by  either  multiple 
0(l)-0(5)-0(l)  hops  (path  1-2),  0(  I )— 0(  1 ) 
hops  (path  3),  or  a  combination  of  the  two  (fig. 
5(g) ).  If  the  Oa  oxygen  hops  to  the  0(5)  site  along 
path  1 ,  it  has  two  equivalent  sites  available  for  its 
next  jump;  first,  a  jump  back  to  the  full  chain  by  path 
1  or  1'  or,  second,  Oa  can  jump  to  one  of  two  0(1) 
sites  in  the  empty  chain  (e.g.,  path  2). 

Although  rather  simplistic,  the  above  evaluation 
of  the  energies  associated  with  possible  jump  path¬ 
ways  indicate  that  the  local  environment  for  a  dif¬ 
fusing  oxygen  atom  in  orthorhombic  YBCO  can  be¬ 
come  quite  varied  and  complex.  Mixtures  of  ortho 

I  and  Ortho  II  structures  could  give  rise  to  a  variety 
of  different  jump  pathways.  The  above  discussion 
also  emphasizes  the  fact  that  until  the  fundamental 
diffusive  jump(s)  can  be  determined  in  YBCO,  a 
complete  diffusion  model  cannot  be  developed.  The 
lower  energies  for  basic  oxygen  jumps  in  the  Ortho 

II  structure  suggest  that  diffusion  in  highly  oxygen¬ 
ated  Ortho  I  material  would  be  greatly  facilitated  by 
completely  empty  chains  randomly  dispersed  in  the 
lattice.  The  inability  to  achieve  complete  oxygena¬ 
tion  of  YBCO  (i.e.,  x=  1 )  may  then  be  a  result  of  the 
difficulty  of  oxygen  diffusing  through  the  lattice,  once 
most  of  these  empty  chains  are  isolated  from  the 
surface. 


5.  Conclusion 

The  observed  concentration-dependence  for  the 
chemical  diffusivity  of  oxygen  in  YBCO  is  proposed 
to  be  a  result  of  defect-defect  interactions.  Conse¬ 
quently,  the  thermodynamic  factor,  which  is  a  mea¬ 
sure  of  the  oxygen  activity  as  a  function  of  oxygen 
content,  is  considered  to  be  most  likely  responsible 
for  a  concentration-dependent  chemical  diffusivity. 
Defect-defect  interactions  are  expected  to  be  evi¬ 
dent  in  correlation  effects.  It  is  also  possible  that  ran¬ 
domly  oriented  chain  fragments  or  defect  clusters  ex¬ 
ist  in  tetragonal  YBCO.  Examination  of  various 
oxygen  diffuse  .  tips  predicts  that  oxygen  will  dif- 
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Fig.  J.  (a)  There  are  two  distinct  jump  sites  available  to  an  0(  1 )  anion  in  the  Ortho  II  structure,  (b)  An  oxygen  anion  is  more  likely  to 
make  an  interchain  jump  if  it  belongs  to  the  end  of  a  chain,  (c)  A  jump  to  the  a'-site  is  energetically  more  favorable  than  (d)  a  jump  to 
the  a-site.  (e )  Suggested  interchain  diffusion  mechanism  in  Ortho  II YBCO.  ( f )  Proposed  diffusion  mechanism  for  the  more  open  Ortho 
II  structure,  (g)  Intrachain  diffusion  pathways. 


fuse  more  rapidly  in  the  ^-direction  (along  the  cop¬ 
per-oxygen  chains)  when  the  anion  is  originally  at 
the  end  of  a  chain  and  the  adjacent  chain  is  missing. 
Intrachain  diffusion  (a-axis)  is  expected  to  be  slower 
and  to  depend  on  oxygen  concentration. 
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Isothermal  electrical-resistance  measurements  were  used  to  monitor  oxygen  diffusion  kinetics  in  both 
single-crystal  and  polycrystalline  YBa2CujOt+J  between  350  and  780*C.  Distinctions  are  made  between 
intrinsic  diffusion  behavior  and  microstructure-dependent  properties.  An  activation  energy  of  0.4(1)  eV 
was  determined  for  oxygen  in-diffusion  in  dense  polycrystalline  material  from  400  to  780 ‘C,  and  1.10(6) 
eV  for  single  crystals  between  600  and  780 *C.  Below  600 *C,  the  activation  energies  for  out-diffusion  in 
porous  and  dense  polycrystalline  specimens  were  determined  to  be  0.5(1)  eV  and  0.6(1)  eV,  respectively. 
The  lower  activation  energy  in  polycrystalline  specimens  was  attributed  to  (i)  shell  effects  at  either  grain 
boundaries  or  the  specimen  surface  in  which  the  rapid  formation  of  a  highly  oxygenated  skin  created 
short-circuit  pathways  for  current  flow,  and  (ii)  high-diffusivity  pathways  along  grain  boundaries.  Mea¬ 
surements  on  single  crystals  reveal  that  the  intrinsic  rate  of  oxygen  in-diffusion  was  comparable  to,  if  not 
slower,  than  out-diffusion,  which  was  contrary  to  measurements  on  polycrystalline  specimens.  This  type 
of  behavior  was  attributed  to  the  formation  of  a  highly  oxygenated  shell  during  in-diffusion  which 
behaved  as  both  (i)  a  high-conductivity  pathway  and  (ii)  a  barrier  to  bulk  oxygen  in-diffusion.  The  use  of 
single  crystals  enabled  these  effects  to  be  clearly  distinguished. 


I.  INTRODUCTION 

Oxygen  stoichiometry  has  a  profound  effect  on  the  su¬ 
perconducting,  normal  state,  and  structural  properties  of 
YBa2Cu306+jr  (YBCO).1'2  Consequently,  an  understand¬ 
ing  of  the  chemical  diffusion  of  oxygen  D  is  important  for 
the  processing  of  YBCO  with  specific  property  require¬ 
ments  in  all  of  its  requisite  forms  (e.g.,  bulk,  melt- 
textured,  single-crystal,  thin-film,  wire,  etc.).  Fundamen¬ 
tal  oxygen  diffusion  behavior  has  been  reported  by 
tracer-diffusion  techniques3-1  and  internal  friction  mea¬ 
surements,6-9  however,  it  is  the  chemical  diffusion  of  ox¬ 
ygen,  under  a  concentration  gradient,  which  is  most  im¬ 
portant  for  the  processing  of  YBCO.  The  oxygen  chemi¬ 
cal  diffusion  coefficient  is  measured  under  a  gradient  in 
the  chemical  potential,  which  is  most  often  achieved 
through  changes  in  oxygen  partial  pressure  surrounding 
the  specimen,  or  changes  in  temperature.  D  is  related  to 
the  tracer  or  self-diffusivity  D  *  by  the  equation10 


(1) 


where  the  term  in  brackets  is  the  thermodynamic 
enhancement  factor  containing  the  solute  activity  y  and 
concentration  c  of  the  diffusing  species.  In  an  ideal  solu¬ 
tion  (often  in  the  dilute  limit),  the  activity  y  is  unity  for 
all  concentrations  and  the  tracer-diffusion  and  chemical 
diffusion  coefficients  are  equal.  In  the  YBCO  system, 
however,  a  significant  contribution  of  the  thermodynamic 
factor  [Eq.  (1)]  is  expected  from  studies  of  oxygen  partial 
pressure  as  a  function  of  oxygen  concentration."'12 
These  results  explain  why  values  of  D  reported  for  YBCO 
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have  generally  been  greater  than  the  tracer  or  self- 
diffusivities. 

The  two  most  common  techniques  used  to  measure  D 
in  YBCO  are  electrical-resistance  measurements,13-31 
and  thermogravimetric  analysis,12,30,32-36  which  monitor 
the  electron-hole  content  and  mass,  respectively,  associat¬ 
ed  with  oxygen  exchange.  Other  techniques  include 
solid-state  electrochemical  measurements,37-41  gas 
volumetry,42,43  in  situ  neutron  diffraction,43,44  differential 
scanning  calorimetry,45  IR  spectroscopy,35  and  positron 
annihilation.46  The  remarkable  agreement  found  in  the 
tracer-  and  self-diffusivity  studies3-9  with  regards  to 
diffusion  coefficients  and  activation  energies  is  unfor¬ 
tunately  lacking  in  the  chemical  diffusion  studies.13-46  In 
addition  to  the  more  complex  situation  for  chemical 
diffusion  (e.g.,  solute  activities),  these  discrepancies  can 
be  attributed  to  different  sample  microstructures  and  ex¬ 
perimental  techniques. 

In  this  paper,  we  report  electrical-resistance  measure¬ 
ments  of  oxygen  diffusion  kinetics  in  single-crystal  and 
polycrystalline  YBCO.  A  particular  advantage  of  the 
electrical-resistance  method,  in  addition  to  its  extreme 
sensitivity  to  small  changes  in  oxygen  content.  Ax,  is  the 
ability  to  make  repeated  measurements  on  a  single  speci¬ 
men.  This  ensures  high  reproducibility  by  removing 
sample-to-sample  variance,  which  enables  subtle  changes 
in  oxygen  diffusion  behavior  to  be  more  readily  dis¬ 
tinguished.  All  of  these  factors  make  resistance  measure¬ 
ments  especially  suitable  for  monitoring  diffusion  kinetics 
in  single  crystals  of  YBCO  whose  small  mass  precludes 
the  use  of  thermogravimetric  analysis.  However,  one  is 
measuring  a  response  that  is  attributed  to  the  dynamic 
change  in  the  carrier  concentration  and  associated 
scattering  processes  and,  thus,  assumptions  must  be  made 
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on  the  relationships  between  oxygen  content,  electron- 
hole  concentration,  and  the  overall  resistance  of  the 
specimen. 

YBCO  is  principally  an  electronic  conductor  with  ex¬ 
tremely  low  oxygen  anion  transference  numbers  ( 10— 9  to 
10-7  in  Refs.  23  and  37).  The  electrical  conductivity  a 
for  majority  hole  carriers  can  be  written  as 

o  =  [h']ne  ,  (2) 

where  [h  *  ]  is  the  hole  concentration,  n  is  the  hole  mobili¬ 
ty,  and  e  is  the  electron  charge.  Isothermal  measure¬ 
ments  allow  the  mobility  term  to  be  neglected  and  thus 
an  increase  in  the  resistance  is  largely  a  consequence  of  a 
decrease  in  the  hole  concentration  as  oxygen  leaves  the 
system  according  to  the  defect  relation 14,23 

0*0  +  2h-*tVo  +  |02  ,  (3) 

where  Vq  denotes  a  doubly  ionized  (positive)  vacant  0(1) 
chain  oxygen  site,  and  0£>  is  the  neutral  occupied  0(1) 
site.  Defect  models  in  a  highly  defective  and  non- 
stoichiometric  compound  such  as  YBCO  are  expected  to 
be  more  complex.  Theoretically,  Eq.  (3)  describes  a  di¬ 
lute  solution  of  noninteracting  oxygen  anions  and  should 
be  regarded  as  a  first  approximation  of  the  relationship 
between  the  majority  carriers  and  the  oxygen  content  in 
YBCO. 

Resistance  measurements  require  that  assumptions  be 
made  concerning  the  actual  distribution  of  oxygen  within 
the  specimen,  i.e.,  a  diffusion  mechanism  must  be  as¬ 
sumed.  The  change  in  resistance  with  time  AR(r)  of 
YBCO  is  proportional  to  the  change  in  oxygen  content 
A x(t)  according  to  the  relation 

lnRU)-lnR(O)  M  jc(t)-x(0)  1 

lnR(°°)-lnR(0)  [  x(  oo  )-x(0)  “  ’ 
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and  L  is  the  effective  diffusion  length.  The  large  anisotro¬ 
py  in  the  tracer  diffusivities5  of  YBCO  suggests  that  oxy¬ 
gen  exchange  in  single  crystals  will  occur  primarily  at  the 
edges  of  the  thin  platelets  (i.e.,  it  will  be  a  two- 
dimensional  process).  This  in  turn  can  be  represented  by 
the  two-dimensional  analogue  of  Eq.  (S)  in  which  the 
presummation  term  is  replaced  by  64 /v*  and  the  effective 
diffusion  length  L  in  Eq.  (6)  is  replaced  by 

L2=(l/La2+1/L62)-' 

where  La  and  Lb  are  the  crystal  dimensions  in  the  ab 
plane. 

It  is  evident  that,  in  addition  to  the  measurement  of  ac¬ 
curate  relaxation  times,  one  must  also  choose  an  ap¬ 
propriate  effective  diffusion  length  L  to  estimate  reliable 
diffusivities  [Eq.  (6)].  Unfortunately,  this  is  often  the 
most  difficult  step  in  interpreting  the  results  of  chemical 
diffusion  studies  especially  in  YBCO.  Not  only  does  the 
effective  diffusion  length  depend  on  microstructural 
features  such  as  grain  size  and  connected  porosity,  but 
quite  possibly  on  the  experimental  technique.  For  exam¬ 
ple,  heterogeneous  oxygen  distributions  may  lead  to  shell 
effects,  especially  during  in-diffusion.  These  shells  may 
behave  as  short-circuit  pathways  for  electrical  current 
thus  yielding  resistances  that  are  not  representative  of  the 
bulk  oxygen  content.27,28,30  With  these  motivations  in 
mind,  a  study  of  the  chemical  diffusion  behavior  in  both 
single-crystal  and  polycrystalline  YBCO  was  undertaken 
to  distinguish  between  intrinsic  oxygen  diffusion  rates, 
and  those  influenced — if  not  dominated — by  such  fac¬ 
tors  as  grain  size,  bulk  density,  and  short-circuit  path¬ 
ways  for  current  flow,  which  can  occur  in  polycrystalline 
ceramic  superconductors. 


where  R  (0)  is  the  resistance  at  the  beginning  of  in-  or 
out-diffusion,  R(f)  the  resistance  as  a  function  of  time, 
R(  oo)  the  eventual  saturation  resistance,  and  a(f)  the 
fractional  change  in  resistance  (or  oxygen  content).  The 
resistance  change  during  oxygen  diffusion  in  rectangular 
bars  of  polycrystalline  YBCO  can  be  fit  to  the  equation 
for  one-dimensional  diffusion  into  a  plane47 


.  ,  ,  8  ”  1 

a(f)=l - T  y - 1- exp 

jt2  „  =0  (2n  + 1  )2 


—  (2n  + 1  )2r 


where  the  relaxation  time  r  is  related  to  the  chemical 
diffusivity  D  by  the  expression 


II.  EXPERIMENTAL 
A.  Sample  preparation 

The  authors  have  experience  in  the  growth  of  doped 
and  undoped  single  crystals  of  YBCO  and  have  prepared 
and  measured  over  30  batches.  Large  single  crystals  of 
various  sizes  (up  to  10  X  10X2  mm3)  were  grown  in  either 
alumina  or  yttria-stabilized  zirconia  crucibles  by  a  stan¬ 
dard  self-flux  technique  described  elsewhere.13  Resis¬ 
tance  measurements  were  made  on  many  of  these  crystals 
during  oxygen  diffusion,  and  the  results  were  found  to  be 
consistent  from  crystal  to  crystal,  and  from  batch  to 
batch.13-18  The  authors  report  here  extensive  resistance 


TABLE  I.  Data  for  single  crystals  and  polycrystalline  YBCO  specimens. 

Specimen  Grain  size  Bulk 

Specimen  type  _ T\ _ size  (mm3) _ (mm) _ density 

Crystal  Cl  90  K  1X1X0.05 

Crystal  C2  90  K  2X1. 5X0.5 

Polycrystal  SI  92  K  4.85X2.05X0.50 

Polycrystal  S 2_ 92  K_ 4.70X1.55X0.90 


1 . 1  ( 2 )  X  6<  1 ) 
2.8(4)X  19(3) 


75(5)% 

95(5)% 
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measurements  on  two  representative  crystals,  which  serve 
to  illustrate  the  general  observations.  The  two  twinned 
crystals  had  dimensions  of  approximately  1X1X0.05 
and  2  X  1 . 5  X  0. 5  mm3  (hereafter  referred  to  as  C 1  and 
C2,  respectively)  with  the  c  axis  oriented  in  the  thin 
direction  (Table  I).  The  critical  temperatures,  Tc  (onset), 
from  superconducting  quantum  interference  device 
(SQUID)  susceptibility  measurements  were  90  K.  for  both 
crystals  with  a  transition  width  (10-90%)  of  1  K. 

YBCO  powder  was  prepared  by  a  standard  mixed- 
oxide  route  as  described  previously.48  Polycrystalline 
specimens  of  different  grain  sizes  and  bulk  densities  were 
obtained  by  pressing  pellets  at  24  MPa  and  then  sintering 
for  24  h  in  oxygen  at  temperatures  from  950  to  980  °C. 
We  report  here  data  on  the  two  extremes  in  bulk  densities 
as  means  of  illustrating  the  influence  of  microstructure  on 
the  oxygen  diffusion  behavior  as  measured  by  the  electri¬ 
cal  resistance  method.  The  bulk  densities  of  specimens 
*1  (51)  and  #2  (52)  were  -75(5)  and  -95(5) %,  re¬ 
spectively.  The  acicular  grains  had  average  dimensions 
of  —  1. 1  ( 2 ) X 6(  1 )  and  — 2.8(4)X  19(3)  /zm  for  specimens 
51  (porous)  and  52  (dense),  respectively  (Fig.  1,  Table  I). 
Following  a  one  week  anneal  at  500  °C  in  oxygen,  x-ray 
analysis  (scan  rate,  1°  20/min;  Cu  Ka  radiation,  20  mA 
and  45  mV)  indicated  that  the  polycrystalline  specimens 
were  “phase-pure”  and  orthorhombic.  SQUID  suscepti¬ 
bility  measurements  yielded  broad  transitions  (<2  K) 
with  onset  critical  temperatures  of  92  K.  The  pellets 
were  subsequently  sectioned  into  rectangular  bars  and 
polished  to  a  1  /zm  finish  prior  to  resistance  measure¬ 
ments.  At  least  two  bars  were  measured  from  each  pellet 
and  consistent  results  were  obtained. 

B.  Electrical-resistance  measurements 

Measurements  of  electrical  resistance  during  oxygen 
in-diffusion  and  out-diffusion  were  made  by  a  computer- 
controlled  four-point  probe  ac  technique,  while  the  speci¬ 
men  was  simultaneously  mounted  in  the  hot  stage  of  an 
optical  microscope.1314  The  applied  ac  current  was  kept 
constant  at  1.86  mA  (564  Hz)  by  a  Stanford  Research 
Systems  SR530  lockin  amplifier.  Four  gold  wires  (0.1% 
Be  addition,  2  mil)  were  attached  with  silver  paste  to  the 
comers  of  the  (001)  face  of  the  single  crystals  and  along 
the  length  of  rectangular  ceramic  bars  cut  from  the 
ceramic  pellets.  After  annealing  at  600°  for  several  hours, 
the  contacts  had  resistances  of  one  ohm  or  less  and  had 
ohmic  characteristics.  Contact  integrity  was  checked 
periodically  throughout  the  measurements  in  both  posi¬ 
tive  and  negative  dc  currents.  In  order  to  further  ascer¬ 
tain  sample  quality  and  contact  integrity,  resistivities 
were  estimated  from  the  geometry  of  polycrystalline 
specimens  and  by  Montgomery’s  technique49  for  single 
crystals  at  various  temperatures.  The  resistivities  ( pab )  of 
the  crystals  were  on  the  order  of  100-200  pH  cm  at  room 
temperature  and  1-10  mO  cm  from  600-780 °C  (100% 
oxygen).  The  bulk  resistivities  of  the  ceramic  specimens 
were  typically  on  the  order  of  3-30  mflcm  from 
350-780 °C.  These  values  are  in  good  agreement  with 
those  cited  in  the  literature.50 

Isothermal  oxygen  out-diffusion  and  in-diffusion  was 
monitored  by  resistance  measurements  for  single  crystals 


FIG.  1.  Optica!  photomicrographs  under  cross-polarized 
reflected  light  of  (a)  single-crystal,  (b)  porous,  fine-grain  poly- 
crystalline  specimen  51,  and  (c)  dense,  coarse-grain  polycrystal¬ 
line  specimen  52. 
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from  600-  780  *C  and  for  polycrystalline  specimens  from 
350-780*0  Resistance  measurements  in  single  crystals 
were  prohibitively  slow  below  600  *C  due  to  slow  oxygen 
diffusion  kinetics.  (Several  weeks  are  required  to  estab¬ 
lish  equilibrium  in  crystals.)  The  specimen  was  initially 
annealed  in  oxyge  '  at  the  measurement  temperature  until 
equilibrium  was  established  ( >  36  h  for  crystals)  as  deter¬ 
mined  from  calculations  and  by  monitoring  for  constant 
resistance.  Oxygen  out-diffusion  studies  were  carried  out 
by  introducing  argon  into  the  hot  stage  and  recording  the 
resistance  increase  of  the  specimen  as  a  function  of  time. 
Following  the  argon  anneal,  oxygen  was  reintroduced 
into  the  system  and  the  resistance  decrease  associated 
with  oxygen  in-diffusion  was  recorded.  Water  vapor  and 
C02,  which  can  degrade  YBCO,51  were  removed  from  the 
ambient  by  a  scrubbing  column  that  contained  CaO  and 
CaS04.  The  strain  accompanying  the  ferroelastic 
tetragonal-orthorhombic  (TO)  phase  transformation  was 
accommodated  by  the  formation  of  {110}  twin  boun¬ 
daries.52  These  transformation  twins  were  clearly  visible 
under  polarized  reflected  light  [see  Fig.  1(a)]  and  enabled 
the  phase  transformation  to  be  observed  in  an  optical  mi¬ 
croscope  during  the  resistance  measurements.13,14  Obser¬ 
vation  of  the  twin  networks  indicated  that  the  crystal  re¬ 
tained  the  orthorhombic  structure  below  ~700*C,  and 
the  tetragonal  form  above  ~700°C,  when  in  equilibrium 
with  pure  oxygen.  The  crystal  was  driven  isothermally 
through  the  orthorhombic-tetragonal  (OT)  transforma¬ 
tion  below  — 700°C  by  switching  between  oxygen  and  ar¬ 
gon  gases,  however,  no  anomalies  were  observed  in  the 
measured  resistance  values. 

III.  RESULTS  AND  DISCUSSION 
A.  In-diffusion 

Normalized  resistance  isotherms  during  oxygen  in¬ 
diffusion  for  YBCO  single  crystals  reveal  a  change  in 
functional  form  as  the  temperature  increased  [e.g.,  crystal 
C2  in  Fig.  2(a)].  Relaxation  times  during  in-diffusion  for 
crystals  Cl  and  C2  were  determined  by  fitting  the  data  to 
the  two-dimensional  analogue  of  Eq.  (5).  An  Arrhenius 
plot  of  the  normalized  relaxation  times  for  crystals  Cl 
and  C2  yielded  an  activation  energy  for  in-diffusion  of 
1.10(6)  eV  from  600- 780  *C  [Fig.  2(b)].  A  similar  analysis 
for  dense  polycrystalline  material  S  2  yielded  an  activa¬ 
tion  energy  of  ~  0.4(1)  eV  for  in-diffusion  from 
400-780 °C  [Fig.  2(c)].  (The  rate  of  resistance  change 
during  in-diffusion  for  specimen  SI  was  too  rapid  for  reli¬ 
able  determinations  of  relaxation  time.)  The  activation 
energy  (—0.4  eV)  for  in-diffusion  from  400-780°C  in 
dense,  large-grain  specimen  S2  [Fig.  2(c)]  was  similar  to 
the  values  reported  by  Tu  et  al .27  (—0.5  eV)  from 
2 10- 360  °C  and  by  Ottaviani  et  al.2i  (-0.4  eV)  from 
2 1 5-3 1 5  °C  for  the  early  stages  of  in-diffusion.  These  low 
values  in  comparison  with  single-crystal  data  (  —  1.10(6) 
eV)  suggests  either  grain-boundary  diffusion  or  the  for¬ 
mation  of  a  highly  oxygenated  conductive  shell  re¬ 
gion, 27,28,30  the  latter  obscuring  intrinsic  in-diffusion  be¬ 
havior.  Both  Tu  et  al.21  and  Ottaviani  et  al.2t  measured 
in-diffusion  activation  energies  of  —1.3  and  0.9  eV,  re¬ 
spectively,  for  the  latter  stages  of  in-diffusion  suggesting 


1000/T  (K  *) 


FIG.  2.  (a)  Normalized  in-diffusion  resistance  isotherms  from 
600-  700°C  in  crystal  C2  reveal  a  change  in  functional  form 
with  temperature,  (b)  An  Arrhenius  plot  of  normalized  relaxa¬ 
tion  times  for  oxygen  in-diffusion  into  Cl  and  C2  crystals  sug¬ 
gests  a  single  mechanism  with  an  activation  energy  of  1.10(6) 
eV.  (c)  An  Arrhenius  plot  of  the  relaxation  times  for  oxygen 
in-diffusion  into  dense,  coarse-grain  polycrystalline  specimen  S2 
from  400-780'C.  The  low  activation  energy  (0.4(1)  eV)  in  com¬ 
parison  with  single  crystals  (—  1.1(X6)  eV)  suggests  that  the  for¬ 
mation  of  a  highly  oxygenated,  highly  conductive  shell  may 
mask  intrinsic  in-diffusion  behavior. 

that  the  activation  energy  of  — 1.10  eV  for  single  crystals 
[Fig.  2(b)]  was  more  representative  of  bulk  oxygen  in¬ 
diffusion. 

B.  Out-diffusion 

The  rate  of  resistance  change  during  out-diffusion  for 
the  porous  specimen  SI  increased  with  temperature  from 
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FIG.  3.  (a)  Resistance  as  a  function  of  time  for  oxygen  out- 
diffusion  for  porous,  fine-grain  specimen  51.  (b)  Resistance  as  a 
function  of  time  for  oxygen  out-diffusion  at  SSO'C  and  the  cor¬ 
responding  fit  to  Eq.  (3).  (c)  Arrhenius  plot  of  the  chemical 
diffusivities  for  oxygen  out-diffusion  below  600 *C  for  the  porous, 
fine-grain  specimen  51.  The  diffusivities  were  estimated  from 
Eq.  (6)  with  an  effective  diffusion  length  equal  to  the  specimen 
thickness  ( L  =0.05  cm). 


1000/T  (K  ‘) 

FIG.  4.  Resistance  increase  during  oxygen  out-diffusion  for 
dense,  coarse-grain  specimen  S2  at  temperatures  (a)  below 
600 'C  and  (b)  above  600 *C.  There  appears  to  be  a  crossover 
from  diffusion-controlled  to  surface-limited  out-diffusion  behav¬ 
ior  near  600 *C.  (c)  Temperature  dependence  of  log,0(dR  /dt) 
for  oxygen  out-diffusion  for  dense,  coarse-grain  specimen  52. 


400-708  *C  [Fig.  3(a)].  The  resistance  behavior  was  well 
described  by  a  one-dimensional  diffusion  equation  [Eq. 
(5)]  [e.g..  Fig.  3(b)].  The  effective  diffusion  length  L  need¬ 
ed  to  accurately  calculate  D  [Eq.  (6)]  theoretically  ranges 
from  the  average  grain  size  to  the  external  dimensions  of 
the  specimen  depending  on  both  porosity  and  the  contri¬ 
bution  of  grain-boundary  diffusion.  As  a  first  approxima¬ 
tion,  D  for  S 1  were  estimated  by  using  the  thinnest  sam¬ 
ple  dimension  (L~0.05  cm)  as  the  effective  diffusion 
length  [Eq.  (6)],  which  yielded  an  Arrhenius  equation  of 


the  form 


5=(2.6(5)X10  4  cm2/sec)exp 


-0.5  eV 
kT 


(7) 


from  350-600  *C  [Fig.  3(c)].  The  connected  porosity  of 
specimen  51  in  conjunction  with  the  possibility  of  fast 
grain-boundary  diffusion  suggests  that  the  average  grain 
size  could  control  the  effective  diffusion  length.  Howev- 
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TABLE  II.  Activation  energies  for  oxygen  diffusion  in  single-crystal  and  polycrystalline  YBCO. 


Specimen  type 

E  (eV) 

Temperature 

range 

Comments* 

Crystal  C1,C2 

1.10 

600-780*C 

ID 

Polycrystal  SI 

0.5 

350-600  *C 

OD.GB.SE 

(porous,  75%;  6  pm) 
Polycrystal  S2 

0.6 

400-600  *C 

OD.GB.SE 

(dense,  95%;  19  /tm) 

1.67 

600-780 *C 

OD.SRC 

0.4 

400- 780  *C 

ID,SE 

*Key:  OD  (out-diffusion),  ID  (in-diffusion),  SRC  (surface-reaction  controlled),  GB  (grain-boundary 
diffusion),  SE  (shell  effects). 


er,  the  Arrhenius  expression  obtained  using  L  =6  fi m 
(Table  I)  had  a  prefactor  of  10-8  cmVsec,  which  was  un¬ 
reasonably  small.  The  values  of  D  for  SI  determined 
from  Eq.  (7)  should,  however,  be  interpreted  as  upper 
limits  [Fig.  3(c)]. 

Out-diffusion  curves  for  the  dense,  coarse-grain.  speci¬ 
men  52  are  shown  in  Figs.  4(a)  and  4(b)  both  below  and 
above  600 ’C,  respectively.  The  resistance  increase  ac¬ 
companying  out-diffusion  was  linear  with  time  above 
600  °C  [Fig.  4(b)]  but  had  exponential  forms  below  600  “C 
[Fig.  4(a)].  This  suggests  a  crossover  from  diffusion- 
limited  to  surface  reaction-limited  diffusion  near  600  *C 
during  out-diffusion  in  an  argon  atmosphere.  A  similar 
crossover  was  observed  during  out-diffusion  in  argon  for 
single  crystals  near  600  “C, 18  but  not  in  porous  specimens 
(e.g.,  51).  Below  600  °C,  several  days  would  have  been  re¬ 
quired  to  obtain  saturation  resistances  for  the  dense 
YBCO  specimens  (e.g.,  52).  Consequently,  dense  speci¬ 
mens  were  not  completely  deoxygenated  below  600 'C, 
which  precluded  the  calculation  of  reliable  relaxation 
times.  The  activation  energy,  however,  for  out-diffusion 
for  52  was  determined  from  a  constant  resistance  cut 
made  through  Fig.  4(a)  to  obtain  characteristic  times  r'  at 
each  temperature.  These  were  fit  to  the  standard  expres¬ 
sion 


r'=Toexp 


£o 

kT 


(8) 


yielding  an  activation  energy  of  E0  =0.6(  1 )  eV  (Table  II). 
Within  experimental  error,  this  value  was  identical  to  the 
value  (0.5(1)  eV)  obtained  for  the  porous  specimen  51 
[Fig.  3(c)], 

The  activation  energy  for  out-diffusion  below  600  °C  in 
both  dense  and  porous  polycrystalline  specimens  (0.5-0.6 
eV)  was  lower  than  the  activation  energies  for  D  for  crys¬ 
tals  [e.g..  Fig.  2(b)]  and  reported  for  oxygen  tracer 
diffusion  (~1  eV).3-5  This  suggests  a  high-diffusivity 
pathway  such  as  grain  boundaries  or  external  surfaces. 
Evidence  for  grain-boundary  diffusion  was  also  observed 
in  dynamic  heating  experiments  with  single-crystal  and 
polycrystalline  specimens.13,16  The  resistance  behavior  of 
orthorhombic  YBCO  (r»l)  was  metallic  and  increased 
linearly  with  temperature  in  pure  oxygen  up  to  approxi¬ 
mately  350  °C  for  polycrystalline  ceramics16  and  up  to 
500  °C  for  single  crystals.13,16  Above  these  temperatures 
appreciable  oxygen  out-diffusion  occurred  and  the  resis¬ 
tance  increased  more  rapidly.  This  suggests  that  near 


350  *C  grain-boundary  diffusion  becomes  active  in  poly¬ 
crystalline  material,  while  significant  bulk  diffusion  does 
not  occur  until  close  to  500  *C.  Internal  friction  measure¬ 
ments53  have  observed  a  Debye-like  damping  peak  near 
530  *C,  which  was  attributed  to  basal  plane  oxygen  hop¬ 
ping  at  the  onset  of  bulk  lattice  diffusion.  The  above  dis¬ 
cussion  suggests  that  optimum  oxygen  incorporation  will 
occur  near  S00*C  where  appreciable  lattice  diffusion 
would  lead  to  an  equilibrium  oxygen  content  of  approxi¬ 
mately  6.9  (Ref.  54).  Below  500  *C,  however,  grain- 
boundary  diffusion  dominates  and  additional  incorpora¬ 
tion  of  oxygen  into  the  bulk  becomes  extremely  slow. 
This  may  explain  the  difficulty  in  achieving  complete  oxy¬ 
genation  (i.e.,  x  =  1)  in  YBCO  especially  in  single  crystals 
and  in  large  dense  polycrystalline  specimens  at  reduced 
temperatures. 

C.  Surface-controlled  out-diffusion 

Above  600  "C,  out-diffusion  of  oxygen  in  single-crystal 
and  dense  polycrystalline  specimens  was  assumed  to  be 
surface-reaction  limited  as  suggested  by  the  linear  change 
of  resistance  with  time,  dR  /dt  [e.g.,  Fig.  4(B)].  The  rate 
of  oxygen  out-diffusion  was  directly  proportional  to  the 
change  in  carrier  concentration  dR/dt,  which  enabled 
the  activation  energy  for  out-diffusion  to  be  calculated 
from,14,27 


dR 

~Eo 

dt 

—B0exp 

kT 

where  B0  is  the  preexponential  factor  and  E0  the  activa¬ 
tion  energy.  Analysis  of  linear  out-diffusion  isotherms 
(dR/dt)  for  dense  polycrystalline  specimen  52  [Fig. 
4(b)]  as  a  function  of  temperature  from  600-780  *C  yield¬ 
ed  a  single  activation  energy  of  1.67(4)  eV  [Fig.  4(c)]. 

The  linear  resistance  behavior  during  oxygen  out- 
diffusion  for  single  crystals14  and  for  dense  polycrystalline 
specimens  above  600 °C  [e.g.,  Fig.  4(b)]  was  similar  to  the 
behavior  reported27  below  440 ’C  in  polycrystalline  speci¬ 
mens.  However,  most  electrical  conductivity  studies  on 
polycrystalline  material  exhibit  an  exponential  increase  in 
resistance  during  oxygen  out-diffusion  typical  of  a  stan¬ 
dard  diffusion  controlled  process  [for  example,  Refs.  21, 
23,  25,  28,  30,  and  Fig.  3(a)].  Linear  out-diffusion  behav¬ 
ior  was  observed  in  polycrystalline  material  with  high 
bulk  density  and  coarse-grain  size  [e.g.,  specimen  52;  Fig. 
4(b)]  suggesting  that  connected  porosity  or  fine-grain  size 
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gives  rise  to  the  nonlinear  out-diffusion  behavior  reported 
in  other  studies21,23,25,28,30  and  observed  in  specimen  SI 
above  600  *C  [Fig.  3(a)]. 

At  this  point,  it  is  important  to  consider  extrinsic  fac¬ 
tors  that  might  be  responsible  for  the  linear  resistance  be¬ 
havior  during  oxygen  out-diffusion.  These  include,  (i)  a 
surface  impurity  film  formed  during  preparation  or,  (ii) 
phase  decomposition  at  the  surface  during  out-diffusion 
measurements.  It  has  been  suggested4  that  a  surface  film 
on  YBCO  samples,  which  develops  during  sample 
preparation,  impedes  oxygen  exchange.  However,  in  this 
study,  the  rectangular  bars  obtained  from  polycrystalline 
pellets  were  polished,  and  crystals  were  cut  or  fractured 
from  much  larger  crystals,  which  exposed  fresh 
(1001/(010)  surfaces  for  oxygen  exchange.  Consequently, 
an  impurity  film  formed  during  specimen  synthesis  was 
not  responsible  for  the  surface  barrier  for  out-diffusion. 

Phase  decomposition  (ii)  at  temperatures  above  600  ‘C 
could  have  resulted  in  surface-reaction  limited  oxygen 
out-diffusion.  There  were,  however,  several  observations 
that  make  this  possibility  unlikely.  Linear  resistance  be¬ 
havior  was  not  observed  during  oxygen  out-diffusion  in 
the  porous  specimen,  SI  [Fig.  3(a)],  which  by  virtue  of 
the  larger  internal  and  external  surface  area  should  make 
the  material  more  susceptible  to  phase  decomposition. 
Irreversible  phase  decomposition  in  SI  should  lead  to 
drift  in  the  equilibrium  resistance  values  /?(<»)  for  re¬ 
peated  diffusion  anneals.  However,  R  (  oo  )  in  both  poly¬ 
crystalline  and  single-crystal  specimens  was  always  re¬ 
gained  between  successive  diffusion  runs  suggesting  that, 
if  a  secondary  phase  developed  during  out-diffusion  in  ar¬ 
gon,  it  was  thermodynamically  reversible.  A  recent  pa¬ 
per55  suggested  that  the  reversible  formation  of 
YBa2Cu4Og  at  the  YBCO  grain  surface  during  out- 
diffusion  gave  rise  to  a  surface  barrier  for  out-diffusion. 
However,  it  is  difficult  to  ascribe  an  explicable  source  for 
the  additional  Ba  and  Cu  content.  Also,  YBa2Cu4Og  for¬ 
mation  is  usually  favored  in  high  oxygen  overpressures 
and  should  not  form,  while  YBCO  is  undergoing  reduc¬ 
tion. 

In  addition,  x-ray  analysis,  optical  microscopy,  and 
Auger  analysis  were  used  in  an  attempt  to  detect  any  sur¬ 
face  phase  present.  X-ray  diffraction  did  not  detect  im¬ 
purity  phases  in  any  of  the  specimens  even  after 
numerous  diffusion  experiments.  In  situ  observation  of 
the  (001)  face  of  single  crystals  in  an  optical  microscope 
did  not  reveal  changes  in  features  that  may  accompany 
phase  decomposition  during  oxygen  diffusion  (e.g.,  tar¬ 
nishing,  pitting,  etc.).  In  order  to  detect  possible  trace 
impurities,  however,  semiquantitative  chemical  analysis 
of  YBCO  crystal  surfaces  and  near-surface  composition 
was  determined  on  a  PHI  model  660  Scanning  Auger  mi¬ 
croscope,  which  could  be  operated  in  a  sputter  mode. 
Both  (001)  and  (100/010)  surfaces  of  as-grown  crystals 
were  found  to  have  trace  amounts  of  zirconia  and  carbon, 
which  disappeared  immediately  upon  sputtering.  The 
Y-Ba-Cu-O  ratio  was  essentially  constant  from  the  sur¬ 
face  into  the  near-surface  region.  Crystal  C 2  was  exam¬ 
ined  after  one  month  of  diffusion  measurements  and  after 
an  additional  two  months  at  600  °C.  The  (001)  surface 
was  found  to  have  slightly  excess  barium  along  with  car¬ 


bon  and  zirconium,  however,  the  near  surface  region  was 
entirely  Y-Ba-Cu-O.  The  (100/010)  surfaces  were  found 
to  have  more  excess  barium  than  the  (001)  surface,  and 
carbon  and  zirconia  were  found  to  penetrate  further  into 
the  near-surface  region  ( <  50  nm)  before  a  constant 
Y-Ba-Cu-O  ratio  was  obtained.  As  suggested  by  diffusion 
anisotropy,  the  (100/010)  surfaces  of  a  YBCO  crystal 
were  more  reactive  than  the  (001)  surface  during  oxygen 
exchange.  Although  surface  phases  were  not  detected  by 
x-ray  analysis  or  observed  by  optical  microscopy,  Auger 
analysis  detected  trace  impurities  at  the  (100/010)  sur¬ 
faces  of  crystals. 

D.  Intrinsic  diffusion  rates: 

influence  of  microstructure 

There  is  still  some  controversy  surrounding  the  intrin¬ 
sic  rates  of  oxygen  in-diffusion  and  out-diffusion  in 
YBCO.  Thermogravimetric  analysis  (TGA)  has  reported 
in-diffusion  to  be  both  faster33  and  equal12  to  out- 
diffusion.  Most  electrical-resistance  studies,  however,  re¬ 
port  faster  in-diffusion  than  out-diffusion  in  polycrystal- 
line  material,19,21,23,27  however,  a  study  on  single  crystals 
reported  slower  in-diffusion  than  out-diffusion.15  It  is 
possible  that  the  relative  rates  of  in-  and  out-diffusion 
may  depend  on  both  the  temperature  of  the  measurement 
and  the  specimen’s  microstructure.  A  study42  reported 
that  the  relative  rates  of  in-  and  out-diffusion  vary  with 
temperature,  becoming  nearly  identical  at  higher  temper¬ 
atures.  Correspondingly,  the  influence  of  microstructure 
on  the  measured  activation  energies  and  chemical 
diffusivities  was  supported,  for  example,  by  a  TGA 
study,34  which  reported  the  activation  energy  for  oxygen 
diffusion  to  be  greater  for  a  polycrystalline  pellet  (~  1.5 
eV)  than  a  loose  powder  (~1.2  eV).  The  reported 
discrepancies  on  diffusion  rates  in  electrical-resistance 
measurements  may  also  be  due  the  formation  of  a  highly 
oxygenated,  highly  conductive  shell  region  during  in¬ 
diffusion.  The  influence  of  a  highly  oxygenated  shell  will 
now  be  discussed  with  relation  to  its  extrinsic  effect  on 
electrical-resistance  measurements  and  its  intrinsic  effect 
on  oxygen  diffusion  rates. 

The  influence  of  microstructure  on  the  resistance  be¬ 
havior  of  YBCO  during  oxygen  out-  and  in-diffusion  is 
exemplified  in  Figs.  5  and  6.  During  out-diffusion  in  ar¬ 
gon  at  708 'C,  the  resistance  of  single-crystal  Cl  in¬ 
creased  linearly  with  time  typical  of  a  surface-reaction 
controlled  process  [Fig.  5(a)].  Oxygen  in-diffusion  was  in¬ 
itiated  by  exchange  from  argon  to  oxygen  and  was  evi¬ 
dent  in  the  resulting  resistance  change,  which  first  de¬ 
creased  rapidly  and  then  more  slowly  with  time  [Fig. 
5(a)].  If  out-diffusion  was  driven  to  completion  at  708 'C, 
it  took  more  than  24  h  for  crystal  Cl  to  reach  a  satura¬ 
tion  resistance.  Examination  of  dense  polycrystalline 
YBCO  [e.g.,  S 2  in  Fig.  1(c)],  revealed  that  the  resistance 
increase  during  out-diffusion  was  also  linear  [Fig.  5(c)] 
and,  tf  taken  to  completion,  saturated  in  ~24  h.  Similar 
times  for  saturation  for  out-diffusion  in  crystal  Cl  and 
dense  polycrystal  S 2,  together  with  nearly  identical 
effective  diffusion  lengths  (L  ~0.9- 1.0  mm,  Table  I),  sug¬ 
gests  that  oxygen  out-diffusion  in  dense  polycrystalline 
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FIG.  5.  Normalized  resistance  as  a  function  of  time  for  oxy¬ 
gen  out-diffusion  and  in-diffusion  at  708  *C  for  (a)  single-crystal 
Cl,  (b)  porous,  fine-grain  specimen  51,  and  (c)  dense,  coarse- 
grain  specimen  52  (see  Fig.  1).  The  resistance  increased  during 
oxygen  out-diffusion  and  decreased  for  oxygen  in-diffusion  in  all 
specimens,  however,  the  functional  forms  are  noticeably 
different.  Note  that  in  (a)  the  initial  resistance  was  still  not  re¬ 
gained  after  a  1  h  oxygen  anneal,  which  suggests  that  oxygen 
in-diffusion  was  intrinsically  slower  than  out-diffusion. 


YBCO  was  not  significantly  affected  by  grain-boundary 
diffusion  or  shell  effects.  However,  introducing  connect¬ 
ed  porosity  into  YBCO  [e.g.,  51  in  Fig.  1(b)]  led  to  a 
non-linear  increase  in  resistance  during  out-diffusion 
[Fig.  5(b)],  which  if  driven  to  completion,  saturated  after 
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FIG.  6.  Normalized  resistance  for  oxygen  in-diffusion  at 
708  "C  in  polycrystalline  and  single-crystal  YBCO.  The 
difference  in  functional  form  between  porous  5 1  and  dense  52 
polycrystalline  specimens  suggests  that  grain  size  and/or  bulk 
density  influenced  the  in-diffusion  kinetics. 


~3  h.  This  nonlinear  behavior,  and  rapid  saturation  in 
5 1  in  comparison  with  single  crystals  and  dense  polycrys¬ 
talline  52,  was  attributed  to  the  connected  porosity  in  5 1, 
which  made  more  internal  surface  area  available  for  oxy¬ 
gen  exchange  and,  also,  shortened  the  diffusion  pathway, 
L. 

Measurements  on  several  single  crystals  indicated  that 
the  intrinsic  rate  of  oxygen  in-diffusion  was  comparable 
to,  if  not  slower  than,  the  rate  of  out-diffusion  [e.g.,  Fig. 
5(a)]. 15  This  was  in  contradiction  to  reports19,21,2*27  for 
extremely  fast  in-diffusion  for  polycrystalline  specimens 
[e.g.,  Figs.  5(b)  and  5(c)].  As  a  means  of  illustrating  these 
discrepancies,  the  resistance  behavior  during  oxygen  in¬ 
diffusion  for  Cl,  51,  and  52  (Fig.  5)  are  shown  for  small¬ 
er  time  increments  in  Fig.  6.  A  clear  difference  is  seen  in 
the  rate  of  resistance  decrease  between  porous  and  dense 
specimens  indicating  that  connected  porosity  will,  as  ex¬ 
pected,  increase  the  rate  of  oxygen  in-diffusion  (Fig.  6). 
In  addition,  the  equilibrium  resistance  R  ( oo  )  value  upon 
oxygen  in-diffusion  was  recovered  more  quickly  for  poly- 
crystalline  specimens  compared  with  the  crystal,  which 
incorrectly  suggests  that  oxygen  in-diffusion  was  more 
rapid  than  out-diffusion  [Figs.  5(b),  5(c),  and  6]. 

The  apparent  rate  of  oxygen  in-diffusion  was  more  rap¬ 
id  in  52  in  comparison  with  single-crystal  Cl  even 
though  the  effective  diffusion  lengths  were  similar  (Fig.  6 
and  Table  I).  One  possibility,  for  such  apparently  faster 
in-diffusion  for  52  was  that  it  had  a  greater  surface  area 
(approximately  100  X)  than  the  small  crystal  (Table  I).  In 
addition,  oxygen  exchange  would  occur  primarily  at  the 
edges  of  a  platelet  single  crystal  due  to  the  highly  aniso¬ 
tropic  D*.  However,  if  the  larger  surface  area  for  52 
was  the  only  cause  for  rapid  in-diffusion,  then  the  rate  of 
out-diffusion  in  52  should  have  been,  correspondingly, 
much  faster  than  in  crystal  Cl.  The  apparent  rapid  in¬ 
diffusion  for  52  was  therefore  attributed  to  shell  effects  in 
which  the  formation  of  an  initial  highly  oxygenated  sur¬ 
face  layer  caused  a  short-circuit  pathway  for  current 
flow.  This  gave  a  measured  overall  resistance  that  was 
not  representative  of  the  bulk  oxygen  content.  Conse¬ 
quently,  reports  of  faster  in-diffusion  than  out-diffusion  in 
polycrystalline  YBCO,  especially  as  determined  from 
electrical-resistance  measurements,  are  most  likely  due  to 
extrinsic  factors. 19,21,23,27 

There  are  several  possibilities  for  the  slow  recovery'  of 
the  equilibrium  resistance  R  ( oo )  during  in-diffusion  in 
single  crystals  [e.g.,  Fig.  5(a)],  including,  (i)  slow  oxygen 
ordering  kinetics,  (ii)  reversible  phase  decomposition  and, 
(iii)  slower  in-diffusion  than  out-diffusion.  The  existence 
of  a  series  of  oxygen  superlattice  structures  from 
0. 3  <  x  <  0. 8  (Ref.  56)  and  of  room-temperature  oxygen 
mobility57-60  suggests  that  the  effective  hole  density  not 
only  depends  on  the  total  oxygen  content  but  also  on  the 
local  coordination  and  ordering  of  oxygen.61  Conse¬ 
quently,  the  slow  recovery  of  R  (  «  )  in  Fig.  5(a)  could  be 
due  to  time-dependent  ordering  behavior  (i).  However,  at 
high  temperatures  (e.g.,  £600*0,  the  kinetics  of  oxygen 
ordering  are  expected  to  be  rapid  in  comparison  with  the 
time  scale  of  the  diffusion  measurement  and  should  not 
greatly  influence  the  effective  carrier  concentration.  If 
reversible  phase  decomposition  (ii)  did  occur  during  out- 
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diffusion  in  argon,  then  the  slow  recovery  of  the  equilibri¬ 
um  resistance  during  in-diffusion  may  be  due  to  the  new 
phase  slowly  reverting  back  to  YBCO.  However,  as  dis¬ 
cussed  in  Sec.  Ill  C,  thermodynamically  reversible  phase 
decomposition  (ii)  appears  to  be  unlikely. 

The  intrinsic  rates  of  oxygen  in-  and  out-diffusion  (iii) 
were  more  clearly  distinguished  in  single-crystal  speci¬ 
mens  [e.g.,  Fig.  5(a)].  The  surface  area  to  volume  ratio 
for  single  crystals  was  much  less  than  polycrystalline 
specimens,  consequently,  a  highly  conductive  layer 
around  a  crystal’s  edge  would  have  less  of  an  effect  on  the 
overall  resistance.  Upon  inspection  of  Fig.  5(a),  the  in¬ 
trinsic  rate  of  in-diffusion  appears  slower  than  out- 
diffusion  for  single  crystals  (iii).  This  type  of  behavior 
has  been  observed  at  all  temperatures  (600-780'C)  and 
for  other  crystals  we  have  measured  regardless  of  the 
length  of  the  initial  argon  anneal.  It  is  suggested  that 
upon  oxygenation,  a  crystal  will  quickly  form  a  highly 
oxygenated  layer  around  its  edges,  which  coarsens  with 
time,  thus,  leading  to  increasingly  slower  in-diffusion 
rates  [e.g.,  Fig.  5(a)].  Oxygen  diffusion  through  this  layer 
would  be  hindered  by  several  factors;  a  lower  concentra¬ 
tion  of  oxygen  vacancies  in  comparison  with  the  bulk; 
and,  in  the  orthorhombic  structure,  ordered  oxygen  re¬ 
gions  and  twin  boundaries.  Both  Monte  Carlo  simula¬ 
tions62  and  reported  anisotropy  in  the  tracer-diffusion 
coefficients5  (Dbx;  100ZJJ  sugges  s  that  ordered  regions 
impede  oxygen  diffusion.  In  addition,  the  observation  of 
an  increasing  chemical  diffusivity  D  with  decreasing  oxy¬ 
gen  content  at  708  °C  (Ref.  17)  is  to  be  expected  when  in¬ 
diffusion  is  intrinsically  slower  than  out-diffusion.61 

Reports19,21,23,27  of  faster  in-diffusion  than  out- 
diffusion  by  electrical-resistance  measurements  did  not 
satisfactorily  address  the  possibility  that  shell  effects  may 
lead  to  different  apparent  rates.  As  means  of  illustration, 
series  and  parallel  resistor  models  for  cubic  grains  can  be 
used  as  a  first  approximation  to  illustrate  the  influence  of 
time-varying  heterogeneous  oxygen  concentration  distri¬ 
butions  on  a  sample’s  overall  resistivity  characteristics 
during  oxygen  exchange.  The  overall  resistivity  p,  of  a 
sample  during  the  initial  stages  of  oxygen  in-diffusion  can 
be  modeled  by  a  parallel  resistor  network 


1  _  1  |  **««. 
Pt  Pb  ^Pob 


(10) 


where  pb  and  pgb  are  the  resistivities  of  the  bulk  and  of 
the  shell,  respectively,  and  xgb  the  volume  fraction  of  the 
shell  for  cubic  grains.  Likewise,  a  simple  series  model 
may  describe  out-diffusion: 


Pt  =Pb  + 


XgbPgb 


(11) 


At  700  °C,  the  resistivities  of  fully  oxygenated  and  deoxy- 
genated  dense  YBCO  polycrystals  were  approximately  10 
and  1000  mil  cm,  respectively.  Consequently,  during  in¬ 
diffusion  pgb  =  \0  mil  cm  and  pb  =  1000  mflcm,  while 
during  out-diffusion  the  values  of  pgb  and  pb  were  inter¬ 
changed.  Figure  7  shows  the  change  in  overall  resistivity 
versus  the  effective  thicknesses  of  shells  xgb  of  highly  oxy¬ 
genated  and  deoxygenated  material  during  in-  and  out- 


FIG.  7.  The  possible  influence  of  heterogeneous  oxygen  dis¬ 
tributions  on  the  rate  of  resistance  change  for  oxygen  in-  and 
out-diffusion  as  estimated  from  parallel  and  series  resistor  mod¬ 
els  [Eqs.  (10)  and  (11)].  xgb  is  the  effective  volume  of  the  shell 
for  cubic  grains. 


diffusion,  respectively.  Even  assuming  that  the  rates  of 
in-  and  out-diffusion  are  equal,  there  was  a  considerably 
more  rapid  decrease  in  resistivity  during  in-diffusion  than 
a  resistivity  increase  during  out-diffusion.  In  other 
words,  a  deoxygenated  shell  formed  during  out-diffusion 
would  have  a  lesser  effect  on  the  overall  rate  of  resistance 
change  in  comparison  to  an  equally  thick  oxygenated 
shell  formed  during  in-diffusion.  The  influence  of  oxygen 
in-  and  out-diffusion  on  the  resistance  behavior  in  YBCO 
is  probably  more  complex  than  described  by  Eqs. 
(10)— (1 1),  however,  these  models  serve  as  a  simple  illus¬ 
tration  of  how  measurements  of  resistance  characteristics 
during  oxygen  diffusion  may  lead  to  different  apparent 
rates  of  oxidation  and  reduction. 


IV.  CONCLUSION 

In  summary,  the  study  of  the  time-dependent  electrical 
characteristics  of  single-crystal  and  polycrystalline 
YBCO  during  oxygen  in-  and  out-diffusion  has  allowed 
for  intrinsic  diffusion  characteristics  to  be  distinguished 
from  those  that  are  influenced  by  extrinsic  microstruc¬ 
ture  effects.  Diffusion  rates  and  activation  energies  were 
found  to  be  dependent  on  microstructure  under  certain 
conditions,  which  accounts  for  the  many  apparent 
discrepancies  reported  in  the  literature  for  chemical  oxy¬ 
gen  diffusion  in  YBCO  superconductors.  In-diffusion  in 
dense  YBCO  specimens  had  an  activation  energy  of  0.4 
eV  from  400-780 'C,  while  oxygen  out-diffusion  in  dense 
and  porous  material  had  an  activation  energy  of  0.5-0.6 
eV  below  600'.  These  low  energies,  in  comparison  with 
those  determined  from  tracer  diffusivities  (~1  eV)  and 
from  measurements  on  single  crystals,  suggests  high- 
diffusivity  pathways  along  internal  surfaces  (e.g.,  grain 
boundaries)  or  external  surfaces.  In  addition,  the  rate  of 
oxygen  in-diffusion  was  observed  to  be  comparable  to,  if 
not  slower,  than  out-diffusion  in  single  crystals  of  YBCO 
at  all  measurement  temperatures  (600-780'C)  with  an 
activation  energy  of  1.10(6)  eV. 
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The  formation  of  a  highly  oxygenated  shell  during  oxy¬ 
gen  in-diffusion  had  two  major  effects  on  the  electrical 
resistance  of  YBCO  specimens.  One,  the  shell  behaved  as 
a  highly  conductive,  short-circuit  pathway  yielding  resis¬ 
tances  that  were  not  representative  of  the  bulk,  particu¬ 
larly  in  polycrystalline  specimens.  This  extrinsic  effect 
made  the  rate  of  in-diffusion  appear  to  be  much  faster 
than  out-diffusion  in  polycrystalline  specimens  when  first 
examined  by  resistance  measurements.  Simple  parallel 
and  series  resistor  models  were  used  to  illustrate  this 
effect.  Two,  a  highly  oxygenated  shell  also  behaves  as  a 
barrier  to  further  oxygen  in-diffusion.  A  lower  concen¬ 
tration  of  oxygen  vacancies  and/or  more  ordered  oxygen 
regions  in  this  shell  would  make  oxygen  diffusion  through 
the  layer  increasingly  slower.  The  use  of  single-crystal 
specimens  enabled  the  intrinsic  effect  of  the  diffusion  bar¬ 
rier  for  the  highly  oxygenated  shell  region  to  be  more 


clearly  distinguished  from  the  extrinsic  effect  of  high- 
conductivity  pathways. 
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ABSTRACT.  Chemical  diffusion  of  oxygen  haB  been  measured  in  both 
single  crystal  and  polycrystalline  YBagCusOg^x  in  order  to  distinguish 
between  intrinsic  diffusion  behavior  and  extrinsic  characteristics  which 
depend  on  microstructure.  Isothermal  electrical  resistance  measurements 
were  used  to  monitor  the  dynamics  of  oxygen  diffusion  from  350-780°C 
under  both  oxidizing  and  reducing  conditions.  Measured  activation 
energies  depended  on  sample  morphology,  temperature,  and  whether  in- 
diffusion  or  out-diffusion  of  oxygen  was  occurring.  Below  600°C,  the 
activation  energies  for  out-diffusion  in  porous  (-75%)  and  dense  (-95%) 
polycrystalline  material  were  found  to  be  0.5(l)eV  and  0.6(1)  eV, 
respectively.  These  low  energies  suggest  a  high  diffusivity  pathway  such  as 
a  grain  boundary.  Polycrystalline  material  exhibited  a  change  in 
functional  form  for  out-diffusion  near  600°C  in  both  dense  and  porous 
samples  which  was  attributed  to  a  change  from  primarily  grain  boundary 
diffusion  to  significant  bulk  lattice  diffusion.  Above  600°C,  oxygen  out- 
diffusion  in  dense  polycrystalline  and  single  crystal  YBa2Cu306+x  was 
found  to  be  surface-reaction  controlled.  The  activation  energies  for  out- 
diffusion  in  the  dense  material  were  1.93(6)eV  and  1.7(l)eV  above  and  below 
~700°C;  and  in  the  single  crystal  1.6(l)eV  and  1.00(4)eV  above  and  below 
~680°C.  Oxygen  in-diffusion  was  found  to  have  activation  energies  of 
0.4(l)eV  from  400-780°C  in  dense  polycrystalline  material  and  1.16(6)eV  in 
single  crystal  material  from  600-780°C.  The  lower  activation  energy  in  the 
polycrystalline  material  may  be  due  to  percolation  effects  in  which  the  rapid 
formation  of  a  highly  oxygenated  shell  masks  intrinsic  diffusion  behavior. 
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1.  Introduction 


The  oxygen  content  plays  an  important  role  in  determining  both  normal- 
state  and  superconducting  properties  of  Yl^CusOg+x  (for  example,  see 
Ref.  [1])  and  serves  to  illustrate  the  importance  of  the  defect  state  in 
achieving  superconductivity  in  other  oxide  materials  [2].  The  properties  of 
other  oxide  superconductors  have  also  been  found  to  depend  to  some  extent 
on  the  oxygen  content  of  the  specimen  [3].  In  YBasCusOg+x  the  critical 
temperature  and  electron  hole  density  approach  their  maximum  values  as 
the  oxygen  content  increases  towards  seven  anions  per  unit  cell.  Studies  of 
the  chemical  diffusion  of  oxygen  are  thus  extremely  important  with  respect 
to  processing  the  material  with  optimal  superconducting  properties.  The 
fully  oxygenated  (orthorhombic)  state  (x*l)  of  Yl^CusOg+x  consists  of 
oxygen  atoms  ordered  on  the  0(1)  chain  sites  which  form  one-dimensional 
copper-oxygen  rows  or  chains  (Figure  1).  As  x  decreases,  oxygen  is  both 
removed  from  0(1)  sites  and  disordered  from  0(1)  sites  onto  normally 
vacant  0(5)  chain  sites  until  both  sites  are  equally  occupied  and  the 
material  becomes  tetragonal.  This  orthorhombic-tetragonal 
transformation  is  an  order-disorder  structural  phase  transformation 
which  occurs  near  an  oxygen  content  of  6.4-6.5  oxygen  per  unit  cell  [4],  and 
whose  equilibrium  transformation  temperature,  T0,  is  determined  by  the 
partial  pressure  of  oxygen  in  equilibrium  with  the  material  (e.g.,  ~700°C  in 
100%  oxygen).  The  strain  accompanying  this  structural  transformation  is 
accommodated  by  the  formation  of  (110)  twin  walls  (Figure  1)  [5]. 
Theoretical  models  [6]  have  suggested  that  different  ordered  oxygen 
superstructures  may  exist  between  the  ideal  orthorhombic  (x«*l)  and 
tetragonal  (x»0)  structures.  Transmission  electron  microscopy  [7]  and 
neutron  diffraction  [8]  studies  have  indeed  confirmed  the  existence  of 
intermediate  oxygen  ordered  phases  including  the  orthorhombic-II  (Oil) 
structure  which  has  every  other  copper-oxygen  chain  absent. 

The  crystal  structure  of  YBa2Cu30e+x  depends  on  both  the  oxygen 
content  and  degree  of  ordering  which  suggests  that  the  kinetics  of  the 
orthorhombic-tetragonal  phase  transformation  will  depend  strongly  on 
oxygen  diffusion  behavior  [9-12].  Therefore,  in  addition  to  the  temperature 
and  oxygen  partial  pressure  dependencies  for  the  equilibrium 
transformation,  one  must  also  consider  the  heating  and  cooling  rates  and 
grain  (or  crystid)  size  effects  (e.g.,  diffusion  length)  when  considering  the 
kinetics  of  the  transformation.  A  complete  knowledge  of  oxygen  diffusion 
behavior  in  YE^CusOg+x  should  facilitate  an  understanding  of  the  kinetics 
and  mechanism  of  the  orthorhombic-tetragonal  phase  transformation  in 
addition  to  elucidating  on  fundamental  diffusion  mechanisms. 

The  purpose  of  this  paper  is  to  summarize  our  findings  in  the  area  of 
oxygen  diffusion  in  YBa2Cu30g+x,  and  compare  our  results  with  the 
literature  in  order  to  develop  common  trends  [13].  The  range  of  reported 
diffusion  coefficients  and  activation  energies  may  be  attributed  to  many 
differing  factors,  including,  experimental  methodologies  chosen  and  the 
preparation  of  specimens  with  different  microstructures.  Several  questions 
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Figure  1.  An  idealized  {110}  twin  boundary  in  YBa2Cu30e+x  as  viewed  in 
the  a-b  plane.  Twin  boundaries  form  in  order  to  relieve  the  strain 
accompanying  the  tetragonal  to  orthorhombic  phase  transformation  (from 
Ref.  [5]). 

still  remain  to  be  answered;  is  the  diffusivity  dependent  on  the  oxygen 
concentration?  Are  there  different  diffusion  mechanisms  active  in  the 
orthorhombic  and  tetragonal  structures?  Is  grain  boundary  diffusion 
significant?  Is  oxygen  out-diffusion  surface-reaction  controlled?  Does 
oxygen  behave  as  an  ideal  solute  in  YBa2Cu30g+x?  Will  correlation  effects 
occur  in  certain  temperature  and  oxygen  concentration  ranges?  In 
addressing  some  of  these  questions,  the  authors  hope  the  reader  will  gain 
an  understanding  of  the  complexities  and  issues  that  remain  to  be  resolved 
with  regard  to  the  mobility  of  oxygen  in  YE^CuaOg+x- 

1.1.  TRACER  OR  SELF  DIFFUSION 

Fundamental  oxygen  diffusion  behavior  has  been  measured  by  both  tracer 
diffusion  techniques  [13-15]  and  internal  friction  measurements  [16-19]. 
Rothman  et  al.  [13-15]  have  used  secondary  ion  mass  spectroscopy  (SIMS)  to 
measure  180  profiles  in  both  polycrystalline  and  single  crystal 
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YBa2Cu306+x.  The  tracer  diffusivities  D*  followed  a  standard  Arrhenius- 
type  equation  of  the  form  D*  =  1.4x10“^  exp  (-0.97(5)eV/kT)  cm2/sec  over  the 
temperature  range  300-850°C.  They  observed  no  break  near  the 
orthorhombic-tetragonal  (OT)  transformation,  nor  did  they  observe  any 
oxygen  partial  pressure  dependence  of  D*  (i.e.,  the  diffusivity  appeared  to  be 
independent  of  the  oxygen  content).  Using  single  crystal  specimens,  the 
tracer  diffusivities  were  found  to  be  highly  anisotropic  with  D*a~10*2D*b 
and  D*c~10~*-10‘6D*ab  [15],  This  anisotropy  strongly  suggests  that  oxygen 
diffusion  is  both  limited  primarily  to  the  chain  plane  and  is  faster  along  the 
chains  than  perpendicular  to  the  chains. 

Internal  friction  measurements  as  a  function  of  both  frequency  and 
temperature  have  been  used  to  determine  the  self-diffusion  coefficients  of 
YBa2Cu30e+x  [16-19].  Internal  friction  measures  the  fundamental  motion 
of  atoms  in  response  to  an  applied  stress  and  are  assumed  to  be  relatively 
independent  of  microstructure.  In  YBa2Cu30g+x  these  atomic  motions  are 
considered  to  be  0(l)-0(5)  jumps  (see  Figure  1)  whose  characteristic 
relaxation  times  under  stress  often  follow  Arrhenius-type  behavior 
allowing  both  the  activation  energy  for  the  atom  jumps  and  the  self- 
diffusion  coefficients  to  be  calculated.  Xie  et  al.  [17]  has  found  D  =  3.5xl0"4 
exp  (-1.03eV/kT)  cm2/sec  while  Tallon  and  Staines  [18]  measured  D  = 
1.8xl0"4  exp  (-1.07eV/kT)  cm2/sec  both  of  which  are  in  dose  agreement  with 
the  tracer  diffusion  studies  of  Rothman  et  al.  [13-15]  However,  the  internal 
friction  studies  [17,18]  observe  a  concentration  dependent  diffusivity  and  a 
break  near  the  OT  transformation. 

Room  temperature  oxygen  diffusion  was  first  observed  by  Raman 
spectroscopy  [20].  Subsequent  studies  by  Veal  et  al.  [21,22]  and  Jorgensen  et 
al.  [23]  confirmed  room  temperature  oxygen  mobility  by  measuring  the 
dependence  of  the  critical  temperature  with  aging  time  in  oxygen  defident 
YBa2Cu306+x-  This  aging  effect  was  attributed  to  oxygen  ordering  as 
chains  developed  involving  fundamental  0(l)-0(5)-0(l)  jumps.  Assuming 
that  this  aging  effect  was  thermally  activated,  Veal  et  al.  [22]  calculated  an 
activation  energy  for  oxygen  jumps  of  0.96eV  which  is  also  in  good 
agreement  with  the  tracer  diffusion  studies  [13-15]  and  the  internal  friction 
measurements  [16-18]. 

1.2.  CHEMICAL  DIFFUSION 


Measurements  of  the  dynamic  change  in  oxygen  content  as  a  function  of 

temperature  and  oxygen  partial  pressure  enable  the  chemical  diffusivities  0 

D  to  be  calculated  in  YBa2Cu30g+x  (for  example.  Ref.  [12]).  The  chemical 
diffusivity  is  related  to  the  tracer  or  self-diffusivity  by  the  equation  [24] 


(1) 


where  the  term  in  brackets  is  the  thermodynamic  factor  containing  the 
oxygen  activity,  y,  and  concentration,  c.  In  an  ideal  solution  (often  in  the 
dilute  limit),  the  activity  yis  unity  for  all  concentrations  and  the  tracer- 
diffusion  and  chemical  diffusion  coefficients  are  equal.  Some  of  the  higher 
values  of  D  than  D*  reported  in  the  literature  suggest  that  oxygen  may  not 
behave  as  an  ideal  solute  in  YBa2Cu306+x. 

The  two  most  common  techniques  used  to  monitor  the  dynamics  of 
oxygen  motion  in  YBa2Cu30g+x,  including  estimations  of  D,  are  electrical 
resistance  measurements  [9,10,25-38],  which  monitor  the  hole  content,  and 
thermogravimetric  analysis  [36,39-44],  which  directly  measures  weight 
change.  Other  techniques  include  gas  volumetry  [45,46],  in-situ  neutron 
diffraction  [46,47],  impedance  spectroscopy  [48],  differential  scanning 
calorimetry  [49],  solid  state  electrochemical  measurements  [50-52],  IR 
spectroscopy  [53],  and  positron  annihilation  [54].  When  comparing  the 
chemical  diffusivities  and  activation  energies  in  these  studies  the 
remarkable  agreement  found  for  tracer  and  self-diffusivities  is  now 
unfortunately  lacking.  The  chemical  diffusion  coefficient  is  measured 
under  a  chemical  potential  gradient,  most  often  affected  by  changes  in 
either  the  oxygen  partial  pressure  surrounding  the  specimen  or  in  the 
temperature,  and  appears  to  be  influenced  by  both  microstructure  and 
experimental  methodology. 

Thermogravimetric  analysis  is  the  most  direct  way  to  measure  the 
change  in  the  oxygen  content  as  one  is  directly  measuring  weight  change, 
however,  relatively  large  samples  (>1.5  mm3)  are  needed  to  obtain  precise 
measurements  especially  for  small  changes  in  x.  Also,  drift  and  buoyancy 
effects  can  complicate  analysis.  Electrical  resistance  measurements 
provide  a  sensitive  probe  to  small  changes  in  oxygen  content  especially  in 
small  crystals  whose  size  precludes  the  use  of  thermogravimetric  analysis 
[9,10,38].  However,  one  is  measuring  a  response  that  is  attributed  to 
dynamic  change  in  the  carrier  concentration  and  associated  scattering 
processes.  Thus,  assumptions  must  be  made  on  the  relationship  between 
the  oxygen  content  and  the  hole  concentration.  Furthermore, 
inhomogeneous  oxygen  distributions  may  lead  to  percolation  effects  in 
polycrystalline  material  which  would  yield  resistances  that  are  not 
representative  of  the  bulk  oxygen  content  [33,24,36].  However,  percolation 
effects  can  be  minimized  by  using  single  crystal  specimens  which  provide 
much  less  available  surface  area  for  near-surface  diffusion  [9,10,38], 

YB82CU306+X  is  principally  an  electronic  conductor  with  an 
extremely  low  oxygen  ion  transference  numbers  (10' 9  to  10'?;  Ref.  [29]  and 
[48]).  The  electrical  conductivity,  a,  for  majority  hole  carriers  can  be 
written  in  familiar  form  as  o  =  [h*]p.e  where  [h*]  is  the  hole  concentration, 

[1  hole  mobility,  and  e  electron  charge.  Isothermal  measurements  allow 
the  mobility  term  to  be  neglected  and  thus  an  increase  in  the  resistance  is 
largely  a  consequence  of  a  decrease  in  the  hole  concentration  as  oxygen 
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leaves  the  system  according  to  the  defect  relation  [10,29] 


Oq  +  2h*  £  V”  +  |02 


where  a  doubly  ionized  (positive)  vacant  0(1)  chain  oxygen  site  is  denoted  by 
Vi  Oq  is  the  neutral  occupied  0(1)  site,  and  h*  an  electron  hole. 

There  is  still  some  controversy  surrounding  the  intrinsic  rates  of 
oxygen  in-diffusion  and  out-diffusion  in  YBasCugOg+x.  Most  resistance 
measurements  report  faster  in-diffusion  than  out-diffusion  in 
polycrystalline  material  [25,27,29,33],  while  studies  on  single  crystals  report 
slower  in-diffusion  than  out-diffusion  [38].  Thermogravimetry  (TGA)  has 
reported  in-diffusion  to  be  both  faster  [41]  and  equal  [40]  to  each  other.  Both 
TGA  [40]  and  resistance  [33]  studies  have  reported  that  the  chemical 
diffusivity  depends  on  the  oxygen  content  although  with  opposite 
compositional  dependencies!  Kishio  et  al.  [40]  observed  an  increasing 
diffusivity  with  increasing  oxygen  content  which  was  attributed  to  a 
compositional  dependence  of  the  enthalpy  of  motion  term  in  the  tracer 
diffusivity.  On  the  other  hand,  Tu  et  al.  [33]  have  calculated  oxygen  in¬ 
diffusion  activation  energies  ranging  from  0.5-1.3eV  as  the  oxygen  content 
x  varied  from  0.62-1.0  which  suggests  that  the  diffusivity  will  decrease  with 
increasing  oxygen  content.  (Oxygen  out-diffusion  was  reported  to  be 
independent  of  the  oxygen  content.)  Internal  friction  measurements  [18] 
also  suggest  a  decreasing  diffusivity  with  increasing  oxygen  content  as 
shown  by  a  decreasing  activation  energy  for  x<0.75.  Needless  to  say, 
further  investigations  are  required.  Combined  TGA  and  resistance  studies 
[34,36]  have  shown  that  electrical  properties  continue  to  vary  even  though 
the  sample  weight  remains  constant,  which  suggests  that  oxygen  ordering 
(and  not  content)  is  varying  the  effective  carrier  concentration.  However, 
TGA  measurements  may  not  be  able  to  detect  very  small  changes  in  x 
which  occur  during  the  latter  stages  of  both  in-diffusion  and  out-diffusion. 
A  TGA  study  [42]  reported  that  the  activation  energy  for  out-diffusion  was 
greater  in  a  polycrystalline  pellet  (~1.5eV)  by  comparison  with  powders 
(~1.2eV),  suggesting  that  density  or  microstructure  can  influence  the 
activation  energies  and  diffusivities  by  controlling  the  amount  of  free- 
surface  area  per  unit  volume  and  consequently  the  effective  diffusion 
length. 

It  is  a  general  consensus  that  in-diffusion  is  a  standard  diffusion- 
controlled  process,  however,  several  studies  have  suggested  that  out- 
diffusion  is  interface-controlled  [10,25,33].  A  surface  activation  barrier  to 
oxygen  out-diffusion  can  also  be  inferred  from  Veal  et  al.’s  studies  [21,22]  of 
room  temperature  oxygen  mobility.  Below  a  certain  temperature  oxygen 
cannot  escape  the  sample,  however,  it  is  still  sufficiently  mobile  within  the 
lattice  and  orders  with  time  to  increase  the  effective  hole  density.  This 
suggests  that  a  surface  barrier  to  oxygen  diffusion  exists.  Diffusion 
kinetics  are  expected  to  depend  on  the  microstructure,  however,  there  has 
been  relatively  few  reports  in  the  literature  on  a  systematic  identification  of 
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factors  which  are  most  important.  For  example,  one  would  expect  that  a 
small  grain  size,  with  sufficient  porosity,  would  greatly  lower  the  effective 
diffusion  length. 

1.3.  OXYGEN  DIFFUSION  MODELS 

The  many  ordered  oxygen  superstructures  which  exist  in  Yl^CusOg+x 
suggest  that  the  detailed  mechanism  for  oxygen  diffusion  will  be  quite 
complex.  The  local  environment  that  a  diffusing  oxygen  atom  will 
experience  varies  from  completely  ordered  copper-oxygen  chains  and  {110} 
twin  walls  in  the  ideal  orthorhombic  structure  (x*l)  to  disordered 
individual  oxygen  atoms  in  the  tetragonal  structure.  Thus,  one  may  expect 
the  diffusion  mechanisms  to  also  vary  between  the  ordered  orthorhombic 
and  the  disordered  tetragonal  structures.  Rothman  et  al.  [15]  suggest  that 
oxygen  can  only  be  added  to  or  removed  from  the  ends  of  ordered  chains  and 
will  proceed  with  little  hindrance  down  the  open  channels  along  the  b-axis 
between  chains  (see  Figure  1).  This  would  account  for  the  lack  of  a 
concentration  dependence  on  the  tracer  diffusivity.  Needless  to  say,  this 
mechanism  would  not  be  dependent  on  the  number  of  oxygen  vacancies  nor 
would  one  expect  it  to  adequately  describe  diffusion  in  the  tetragonal 
structure  which  lacks  ordered  chains. 

Theoretical  models  by  Bakker  et  al.  [55]  and  Salomons  and 
deFontaine  [56]  predict  that  the  thermodynamic  factor  in  equation  (1)  could 
be  on  the  order  of  100  or  more  which  suggests  that  oxygen  behaves  as  a 
highly  non-ideal  solute  in  YF^CugOg+x-  Large  thermodynamic  factors  are 

supported  in  the  literature  by  large  values  of  D  compared  with  measured  D* 
[29,40,41,50],  The  tracer  diffiisivity  in  equation  (1)  can  be  written  in  terms  of 
a  correlation  factor,  /,  as  [24] 

D*  =  y/Nva2v  (3) 

where  y  is  a  geometric  term,  Nv  the  vacancy  availability  factor,  a,  jump 

distance,  and  V  the  jump  frequency.  The  correlation  factor  accounts  for  the 
fact  that  atoms  do  not  necessarily  diffuse  by  a  random  walk  process  unless 
/  is  equal  to  one.  As  /  becomes  less  than  one,  there  is  a  greater  than  even 
chance  that  a  diffusing  atom  will  return  to  the  site  from  which  it  just  left 
(i.e.,  the  atom  jumps  are  correlated).  Bakker  et  al.  [57]  have  suggested  that 
/-» 1  in  the  highly  disordered  tetragonal  structure  due  to  the  random 
arrangement  of  oxygen  atoms  and  vacancies,  while  f-*0  as  oxygen 
becomes  more  ordered  in  the  orthorhombic  structure. 

Theoretical  models  [55-58]  also  predict  a  break  in  the  Arrhenius 
behavior  of  D  or  D*  at  the  orthorhombic-tetragonal  transformation  with 
lower  activation  energies  expected  in  the  tetragonal  structure.  The  break 
has  been  observed  experimentally  for  oxygen  out-diffusion  [38],  however, 
the  measured  activation  energy  is  always  greater  in  the  tetragonal 


structure  [36,38,46].  A  concentration  dependent  diffusivity  has  been 
predicted  [56,58]  and  observed  experimentally  [18,33,40]  although  no  dear 
consensus  exists  on  the  exact  concentration  dependence.  For  example, 

Salomons  and  deFontaine  [56]  predict  a  minimum  in  D  and  D*  near  x=0.5 
with  the  diflusivity  increasing  with  oxygen  content  for  x>0.5  and  increasing 
with  decreasing  oxygen  content  for  x<0.5.  However,  Choi  et  al.  [58]  report 
an  increasing  diflusivity  with  decreasing  oxygen  content  for  all  x. 


2.  Experimental 

2.1.  SAMPLE  PREPARATION 

Large  single  crystals  with  critical  temperatures  of  90K  were  grown  by 
standard  self-flux  techniques  in  zirconia  crucibles  as  described  elsewhere 
[9].  YBa2Cu306+x  powder  was  prepared  by  the  mixed  oxide  route  [59], 
pressed  into  pellets  and  sintered  in  oxygen  at  different  temperatures  (950- 
980°C)  and  times  in  order  to  achieve  a  range  of  grain  sizes  and  bulk 
densities.  The  oxygen  annealed  polycrystalline  pellets  had  broad  critical 
temperatures  from  90-92K  as  measured  by  SQUID  magnetometry. 
Rectangular  bars  were  cut  from  two  of  the  pellets.  Specimen  #1  (here  after 
referred  to  as  Si)  was  porous  (bulk  density~75(5)%)  with  high  aspect  ratio 
grains  of  average  dimensions  -1.1(2)  by  6(1)  pm.  Specimen  #2  (S2)  had  a 
bulk  density  of  -95(5)%  with  grains  2.8(4)  by  19(3)  pm  in  dimension  (Table  I). 

2.2.  RESISTANCE  MEASUREMENTS 

Electrical  resistance  measurements  were  made  by  a  computer-controlled 
four-point  probe  technique  that  allowed  one  to  monitor  the  kinetics  of 
oxygen  in-diffusion  and  out-diffusion  in  YBa2Cu30g+x  specimens  [9,10,38]. 
A  Stanford  Research  Systems  SR530  Lock-in  amplifier  was  used  to  apply  a 
constant  ac  current  of  1.86mA  at  a  frequency  of  564Hz.  The  specimens  were 
simultaneously  mounted  in  the  hot-stage  of  an  optical  microscope  in  order 

Table  I.  Sample  characteristics  for  porous  (SI)  and  dense  (S2) 
polycrystalline  Yl^CusOg+x- 


Specimen  Grain  Size  Bulk 
Specimen  Type  Tc  Size  (mm3) _ (pm) _ Density 


Polycrystal  SI  92K  4.85x2.05x0.50  1.1(2)  x  6(1)  75(5)% 
Polycrystal  S2  92K  4.70x1.55x0.90  2.8(4)  x  19(3)  95(5)% 
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to  observe  the  (de)twinning  behavior  associated  with  the  orthorhombic- 
tetragonal  phase  transformation.  Gold  wires  were  attached  to  the 
specimens  with  silver  paste  whose  contact  integrities  were  checked 
periodically  for  ohmic  behavior  and  under  both  positive  and  negative  DC 
currents.  Oxygen  in-diffusion  and  out-diffusion  were  monitored  by 
isothermal  resistance  measurements  from  350-780°C  upon  switching 
between  oxygen  and  argon  atmospheres,  respectively.  A  scrubbing  column 
containing  CaO  and  CaS04  was  used  to  remove  water  vapor  and  CC>2  from 
the  gas. 


3.  Results  and  Discussion 

3.1.  IN-DIFFUSION  AND  OUT-DIFFUSION 

When  using  electrical  resistance  measurements  to  monitor  oxygen 
diffusion  it  is  assumed  that  the  change  in  resistance  with  time  AR(t)  is 
proportional  to  the  change  in  oxygen  content  Ax(t)  according  to  the 
following  relation 

rm)-m)\  /x(t)  -  x(0)  n  „  ... 

(R(~)  -  R(0)  J  =  (x(oo)  -  x(0)  J  ~  a  w 

where  R(0)  is  the  resistance  at  the  beginning  of  in-diffusion  or  out-diffusion, 
R(t)  the  resistance  as  a  function  of  time,  R(«»)  saturation  resistance,  and  a 
fractional  change  in  resistance  (or  oxygen  content).  Out-diffusion  below 
600°C  in  polycrystalline  YBa2Cu30g+x  and  in-diffusion  in  both 
polycrystalline  and  single  crystal  specimens  were  found  to  obey  two  types  of 
rate  equations.  One,  an  Avrami-type  rate  equation  (written  here  for  out- 
diffusion)  of  the  form  (60] 

a  =  1  -  exp  [*(t/X)n]  (5) 

where  X  is  the  relaxation  time  for  the  process  and  n,  a  characteristic 
exponent,  which  can  depend  on  the  diffusion  geometry  and  temperature. 
Secondly,  the  first  two  terms  (n=0,l)  for  diffusion  in  a  plane  given  by  [61] 

OO 

.  8  V  1  A<2n+l)2tN 

a=1-rf2jeHu>2eiil  7  <6) 

n=0  V  ' 

The  relaxation  time  x'  in  equation  (6)  is  different  from  that  in  equation  (5) 
and  can  be  used  to  estimate  the  chemical  diffusivity  D  from  x'  =  L#2/D  jc2, 
where  L  is  the  effective  diffusion  length  of  the  specimen  (see  Ref.  [62]  for  a 


discussion  of  estimated  coefficients  D).  The  Arrhenius  behavior  of  the 
relaxation  times  in  both  equations  obey  the  following  equation: 


x  =  ^exp 


(7) 


yielding  activation  energies  E  which  are  identical  regardless  of  whether  t  is 
taken  from  equation  (5)  or  (6). 

The  activation  energies  for  oxygen  out-diffusion  below  600°C  in  both, 
porous  (Si)  and  dense  (S2)  polycrystalline  material,  were  0.5(l)eV  and 
0.6(l)eV,  respectively  (Table  II)  [62].  These  activation  energies  are  lower 
than  those  calculated  by  tracer  diffusion  [13-15]  and  internal  friction  [16-18] 
measurements  and  may  represent  a  high  diffusivity  pathway  such  as  a 
grain  boundary  (to  be  discussed  in  a  later  section).  Oxygen  out-diffusion 
above  600°C  in  the  dense  specimen  (S2)  was  found  to  be  surface-reaction 
controlled  and  will  be  analyzed  in  the  following  section.  In  the  porous 
specimen  (Si),  out-diffusion  above  600°C  was  too  rapid  to  yield  a  reasonable 
fit  to  equations  (5)  or  (6). 

The  oxygen  in-diffusion  analogues  of  equations  (5)  and  (6)  in 
combination  with  equation  (9)  yield  activation  energies  of  0.4(l)eV  from  400- 
780°C  in  the  dense  polycrystalline  specimen  S2  and  1.16(6)eV  from  600- 
780°C  in  the  single  crystal  form  (Table  II).  The  Avrami  exponent  n 
(equation  (5))  for  in-diffusion  in  single  crystal  YBa2Cu306+x  was 
approximately  1/2,  which  is  typical  for  diffusion  into  the  edges  of  a  plate 
[63].  Dense  polycrystalline  YBa2Cu30(j+x  had  n  values  of  -3/2,  typical  of  in¬ 
diffusion  into  a  sphere  [63]  which  may  be  attributed  to  diffusion  into 
randomly  oriented  grains  of  isotropic  distribution.  (In-diffusion  was  too 
rapid  in  the  porous  specimen  SI  for  a  reasonable  fit  to  equations  (5)  or  (6).) 
The  low  activation  energy  (~0.4eV)  for  in-diffusion  in  S2  suggests  that 
percolation  effects  attributed  to  the  formation  of  highly  oxygenated  shells 
may  mask  intrinsic  in-diffusion  behavior.  Electrical  resistance 
measurements  could  therefore  be  monitoring  the  lower  resistance  of  highly 
oxygenated  grain  boundaries,  or  the  specimen's  surface,  and  not  the  bulk 
resistance.  Single  crystals  do  not  appear  to  exhibit  such  artifacts. 

3.2.  SURFACE-CONTROLLED  OUT-DIFFUSION 


Above  600°C,  out-diffusion  of  oxygen  in  single  crystal  specimens  and  dense 
polycrystalline  specimens  was  assumed  to  be  surface-reaction  limited  [33], 
as  suggested,  by  the  linear  change  of  resistance  with  time  (see  Figure  2). 
This  was  qualitatively  confirmed  by  hot-stage  optical  microscopy  which 
showed  that  a  tetragonal  single  crystal  (i.e.,  one  which  is  oxygen  deficient, 
x<0.4)  slowly  absorbed  oxygen  over  a  24  hour  period  at  400°C  to  become 
orthorhombic  as  indicated  by  the  appearance  of  twin  boundaries.  However, 
switching  the  surrounding  gas  to  reducing  conditions  (argon)  did  not 
remove  the  twin  boundaries  even  after  a  -140  hour  anneal  suggesting  that 
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Table  II.  Comparison  of  activation  energies  for  oxygen 
diffusion  in  YBa2Cu306+x  for  single  crystals,  polycrystals, 
powders,  and  thin  films.  When  available,  the  bulk  density  is 
given  in  percent  (%)  and  the  average  grain  size  in  microns  (pm). 


Specimen  Type 

Temperature 

Range 

Comments* 

Ref. 

Single  Crystal 

600-680°C 

ER,  OD,  SRC 

1.6 

680-780°C 

ER,  OD,  SRC 

[38] 

1.16 

600-780°C 

ER,  ID 

[38] 

Polycrystal  SI 

0.5 

350-600“C 

ER,  OD,  GB,  PE 

[62] 

(porous,  75%;  6pm) 

Polycrystal  S2 

0.6 

400-600°C 

ER,  OD,  GB,  PE 

m 

(dense,  95%;  19pm) 

1.7 

600-700°C 

ER.  OD,  SRC 

[62] 

1.9 

700-780°C 

ER.  OD,  SRC 

[62] 

0.4 

400-780°C 

ER,  ID,  PE 

Polycrystal 

1.7 

370-440°C 

ER,  OD,  SRC 

[33] 

(porous;  10pm) 

03-13 

210-360-C 

ER.ID,  CD 

[33] 

132 

dynamic  heating 

TGA,  ID 

[42] 

Polycrystal 

0.4 

215-315°C 

ER,  ID 

[34] 

(porous,  75%;  10-20pm) 

Polycrystal 

138-131 

550-850°C 

TGA,  OD,  CD 

[40] 

(dense,  98%;  50pm) 

Polycrystal 

0.74 

-700-960°C 

TGA,  ID 

[41] 

(dense) 

03 

~600-860°C 

TGA,  OD 

Powder,  9pm 

13 

-360-450^0 

TGA,  OD 

[44] 

Powder _ 1.25 _ dynamic  heating _ TG A,  ID  _ [42] 


Thin  Film 

1.17 

320-435°C 

ER,  ID 

[27] 

(0.4pm) 

Thin  Film 

1.2 

-400-600°C 

ER,  ID 

[37J 

Polycrystal 
(dense,  99%) 

0.97 

300-850°C 

TD 

115) 

Polycrystal 

1.03 

400-650°C 

IF,  CD 

[17] 

Polycrystal 
(dense,  85%) 

1.07 

27-827°C 

IF,  CD 

[18] 

'Key.  OD  (out-diffusion)  ER  (electrical  resistance) 

ID  (in-diffusion)  TGA  (thermogravimetry) 

SRC  (surface-reaction  controlled)  TD  (tracer  diffusion) 

GB  (grain  boundary  diffusion)  IF  (internal  friction) 

PE  (percolation  effects?)  CD  (concentration  dependence) 

oxygen  could  not  readily  leave  the  crystal.  This  was  confirmed  by  electrical 
resistance  measurements  at  400°C.  The  resistance  of  a  reduced  sample 
decreased  immediately  as  oxygen  was  absorbed  into  the  material  at  400°C. 
However,  switching  of  the  gas  to  reducing  conditions  (argon)  did  not  result 
in  any  increase  in  resistance  up  to  48  hours.  Both  of  these  observations 
suggest  that  oxygen  can  enter  the  lattice  at  these  temperatures,  however,  it 
is  “locked”  into  the  interior  by  a  surface  energy  barrier. 
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Figure  2.  Resistance  as  a  function  of  time  for  oxygen  out-diffusion  in 
single  crystal  YBa2Cu30g+x  from  590-720°C.  The  linear  increase  in  the 
resistance  suggests  a  surface-reaction  controlled  out-diffusion  process 
(from  Ref.  [10]). 


The  different  mechanisms  for  oxygen  in-diffusion  and  out-diffusion 
are  also  evident  in  the  (de)twinning  dynamics  of  the  orthorhombic- 
tetragonal  phase  transformation  as  observed  by  optical  microscopy  in  single 
crystals  [10].  Below  700°C,  the  crystal  structure  of  YBa2Cu306+x  can 
transform  isothermally  on  switching  from  a  pure  oxygen  atmosphere  to 
reducing  conditions  [9,10,38].  Since  oxygen  in-diffusion  is  a  standard 
diffusion-controlled  process,  one  expects  a  non-uniform  oxygen  distribution 
across  a  crystal  with  the  edges  richer  in  oxygen  content  than  the  interior. 
When  the  oxygen  content  exceeds  ~0.4,  these  edge  regions  will  become 
orthorhombic  as  shown  by  the  appearance  of  twin  boundaries  and  these 
twinned  regions  will  advance  into  the  crystal  upon  further  oxygen  in¬ 
diffusion.  This  has  been  experimentally  observed  by  hot-stage  optical 
microscopy  for  single  crystal  [10]  and  polycrystalline  [11]  specimens.  On 
the  other  hand,  oxygen  out-diffusion  is  a  surface-reaction  controlled 
process  [33]  and  one  expects  a  constant  oxygen  content  across  the  width  of 
the  crystal.  As  the  oxygen  content  is  reduced  below  -0.4,  twin  boundaries 
would  disappear  simultaneously  across  the  entire  crystal.  Again,  this  has 
been  experimentally  observed  by  hot-stage  optical  microscopy  [10]. 

Out-diffusion  in  single  crystal  and  dense  polycrystalline 
YBa2Cu30e+x  above  600°C  was  assumed  to  be  directly  proportional  to  the 
linear  rate  of  change  of  the  isothermal  resistance  curves.  Figure  2  reveals 
several  isothermal  out-diffusion  resistance  curves  for  single  crystal 
YBa2Cu306+x  from  590-720°C.  After  the  initial  rapid  rise  in  resistance  at 
the  onset  of  out-diffusion,  resistance  increases  linearly  with  time  with  slope 
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Figure  3.  Arrhenius  plot  from  equation  (8)  of  the  slopes  (dR/dt)  of  the 
linear  regions  in  Figure  4  yielding  an  activation  energy  for  out-diffusion  of 
1.2(l)eV  from  590-720°C  (from  Ref.  [9]). 

dR/dt.  The  resistance  change  during  oxygen  out-diffusion  was  assumed  to 
be  directly  proportional  to  the  carrier  concentration  and  hence,  oxygen 
content  (see  equation  (4))  and  allows  one  to  calculate  the  activation  energy 
E0  for  out-diffusion  from  the  equation  [33] 


where  B0  is  a  constant.  Figure  3  is  an  Arrhenius-type  plot  of  the  slopes  in 
Figure  2  using  equation  (8)  which  yields  an  activation  energy  for  out- 
diffusion  of  1.2(l)eV  between  590-720°C  (Table  II)  [10]. 

The  extension  of  isothermal  resistance  measurements  for  out- 
diffusion  up  to  780°C  in  both  single  crystal  and  polycrystalline  YBa2Cu306+x 
suggests  a  change  in  out-diffusion  mechanisms  near  680-700°C.  Figure  4  is 
a  plot  of  the  slope  of  the  linear  regions  for  oxygen  out-diffusion  in  single 
crystal  YBa2Cu30e+x  as  a  function  of  temperature.  Arrhenius  analysis 
(equation  (8))  of  the  linear  slopes  (dR/dt)  as  a  function  of  temperature  for 
several  different  isotherms  (600-780°C)  indicates  two  different  regimes  for 
oxygen  out-diffusion  behavior  in  the  single  crystal,  one  above  and  one  below 
~680°C.  The  activation  energies  from  region  I  (600-680°C)  and  II  (680- 
780°C)  were  determined  to  be  1.00(4)eV  and  1.6(l)eV,  respectively.  The 
activation  energies  for  the  dense  polycrystalline  material  were  1.93(6)eV 
and  1.7(l)eV  above  and  below  -700°C.  The  break  in  the  rates  of  oxygen  out- 
diffusion  occurs  remarkably  close  to  the  orthorhombic-tetragonal 
transformation  temperature  and  it  is  tempting  to  associate  each  activation 
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Figure  5.  Possible  diffusion  pathways  along  the  CuO  chains  in 
orthorhombic  YE^CusOg+x  as  viewed  normal  to  the  a-b  plane.  In  addition 
to  the  possible  formation  of  Frenkel  pairs,  two  types  of  diffusion 
mechanisms  are  indicated:  (1)  interstitial  and  (2)  interstitialcy 
mechanisms.  The  possibility  of  these  two  types  of  mechanisms  may 
explain  the  change  in  activation  energies  near  680-700°C.  Above  these 
temperatures  only  the  tetragonal  structure  exists  and  a  vacancy 
mechanism  is  appropriate. 


where  the  oxygen  vacancy,  Vq,  is  associated  with  the  0(1)  site  and  the 
doubly  negative  oxygen  interstitial,  O'!,  with  the  0(5)  site.  Slow  cooling  of 
YBa2Cu30g+x  would  be  required  to  minimize  the  number  of  Frenkel  pairs 
frozen  into  the  structure  at  low  temperatures.  The  initial  formation  of 
Frenkel  pairs  would  not  alter  the  total  oxygen  content,  nevertheless,  they 
would  change  the  local  coordination  of  chain  copper  cations  and,  also, 
destroy  long-range  ordering,  both  of  which  could  decrease  the  hole 
concentration  [21-23]. 

An  interstitial  oxygen,  Gt  ',  can  potentially  jump  to  one  of  two  sites. 
One,  it  can  jump  to  a  neighboring  unoccupied  interstitial  0(5)  site  along 
pathway  1  (Figure  5)  typical  of  an  interstitial  mechanism  and,  two,  it  can 
displace  an  0(1)  oxygen  into  an  interstitial  site  along  either  pathway  2  or  3 
(interstitialcy  mechanism).  Oxygen  diffusion  in  the  orthorhombic 
structure  could  then  be  thought  of  as  a  combination  of  interstitial  and 
interstitialcy  diffusion.  In  the  tetragonal  structure  the  0(5)  and  0(1)  sites 
are  equivalent  and  diffusion  would  only  appear  to  proceed  by  a  vacancy 
mechanism. 

When  oxygen  begins  to  leave  the  orthorhombic  crystal,  there  are 
three  possible  reactions  which  could  occur  at  the  surface. 


Time  (minutes) 

Figure  6.  Normalized  resistance 
as  a  function  of  time  for  both 
oxygen  out-diffusion  and  in¬ 
diffusion  at  708°C  for  (a)  single 
crystal  YBa2Cu306+x,  (b)  porous 
fine-grain  specimen  SI,  and  (c) 
dense  coarse-grain  specimen  S2. 
Note  that  in  (a)  the  initial 
resistance  is  still  not  regained 
after  a  one  hour  oxygen  anneal 
which  suggests  that  oxygen  in¬ 
diffusion  is  intrinsically  slower 


and  observations  of  slower  oxygen  in- 
diffusion  in  tetragonal  YBa2Cu30e+x 
up  to  780°C  suggests  that  oxygen  in¬ 
diffusion  was  indeed  intrinsically 
slower  than  out-diffusion  unless 
oxygen  tends  to  order  even  in  the 
supposedly  disordered  tetragonal 
structure  [62]. 

Figure  6  illustrates  the 
inherent  problems  in  interpreting  the 
diffusion  of  oxygen  in  polycrystalline 
material  without  considering 
important  micro-structural  features 
such  as  grain  size,  grain  boundaries. 


Temperature  (°C) 


Figure  7.  The  influence  of 
microstructure  on  the 
temperature  dependence  of 
resistance  for  initially  oxygenated 
polycrystalline  and  single  crystal 
YBa2Cu30e+x.  The  deviation  from 
linear  metallic-type  resistance 
behavior  due  to  appreciable  oxygen 
out-diffusion  occurs  near  350°C 
and  500°C,  respectively,  which 
suggests  the  onset  of  grain 
boundary  diffusion  near  350°C  and 
bulk  lattice  diffusion  near  500°C 


than  out-diffusion. 


(adapted  from  Ref.  [9]). 


and  porosity.  These  factors  can  complicate  the  choosing  of  an  effective 
diffusion  length,  thus,  leading  to  the  variations  in  chemical  diffusion 
coefficients  and  activation  energies  reported  in  the  literature  (Table  II). 
Polycrystalline  material  has  a  larger  surface-area  to  volume  ratio  than 
single  crystals,  and  often  connected  porosity,  which  may  lead  to  apparently 
faster  oxygen  in-diffusion  than  out-diffusion.  These  faster  rates  of  in¬ 
diffusion  in  polycrystalline  specimens  suggest  that  electrical 
measurements  may  be  sensitive  to  percolation  effects  in  which  a  highly 
oxygenated  shell  forms  around  individual  grains  or  the  specimen’s  surface 
during  in-diffusion  and  behaves  as  a  short  circuit  pathway  for  current  flow. 
However,  in  single  crystal  Yl^CusOe+x  these  percolation  effects  would  be 
minimized  allowing  one  to  observe  the  intrinsically  slower  rates  of  oxygen 
in-diffusion. 

During  initial  oxygen  incorporation,  the  formation  of  a  highly 
oxygenated  shell  which  coarsens  with  time  will  lead  to  increasingly  slower 
in-diffusion  rates.  Oxygen  diffusion  through  this  shell  could  be  hindered 
by  several  factors:  a  low  concentration  of  oxygen  vacancies;  and,  in  the 
orthorhombic  structure,  ordered  oxygen  regions  and  twin  boundaries.  The 

existence  of  a-b  anisotropy  in  the  tracer  diffusivity  (Db  *  100Da)  [15]  and 
Monte  Carlo  simulations  [64]  suggest  that  ordered  oxygen  regions  may 
impede  oxygen  diffusion  which  could  explain  intrinsically  slower  in- 
diffusion  than  out-diffusion. 

3.5.  GRAIN  BOUNDARY  DIFFUSION 

The  resistance  of  orthorhombic  YBa2Cu306+x  (*“1)  is  metallic  and 
increases  linearly  with  temperature  in  pure  oxygen  up  to  approximately 
350°C  in  polycrystalline  ceramics  [33]  and  up  to  500°C  in  single  crystals 
(Figure  7)  [9].  Above  these  temperatures,  appreciable  oxygen  out-diffusion 
occurs,  and  the  resistance  increases  more  rapidly.  This  suggests  that  near 
350°C,  grain  boundary  diffusion  becomes  active  in  polycrystalline  material 
while  bulk  diffusion  does  not  occur  until  close  to  500°C.  Internal  friction 
measurements  [65]  have  observed  a  Debye-type  damping  peak  near  530°C 
which  was  attributed  to  basal  plane  oxygen  hopping  and  may  also  indicate 
the  onset  of  bulk  lattice  diffusion.  The  activation  energy  for  out-diffusion 
below  600°C  in  both  dense  and  porous  polycrystalline  specimens  has  been 
found  to  be  of  the  order  of  0.5-0.6eV  (Table  II).  These  values  are  lower  than 
the  activation  energy  for  tracer  diffusion  (~leV),  which  suggests  a  high 
diffusivity  pathway,  such  as,  a  grain  boundary.  A  change  in  functional 
form  near  600°C  has  been  observed  in  the  out-diffusion  resistance  curves  of 
both  porous  and  dense  polycrystalline  specimens  (Table  II)  [62].  This 
temperature  may  indicate  the  point  at  which  lattice  diffusion  dominates. 

If  grain  boundary  diffusion  is  rapid  enough,  then  the  boundaries  will 
become  saturated  with  the  diffusing  species,  and  will  serve  as  an  oxygen 
source  or  sink  for  diffusion  into  or  out  of  the  interior  of  the  grain.  Thus, 
both  single  crystal  and  polycrystalline  diffusion  data  should  be  in 


243 


agreement  if  the  grain  size  is  used  as  the  effective  diffusion  length. 
However,  by  using  the  grain  size  as  the  effective  diffusion  length  in 
polycrystal  S2  for  in-diffusion  yielded  diffusivities  which  were  2-3  orders  of 
magnitude  smaller  than  reported  tracer  diffusivities  [14,62].  This 
discrepancy  may  indicate  that  the  actual  diffusion  length  may  fall 
somewhere  between  the  grain  size  and  specimen  thickness  depending  on 
the  amount  of  connected  porosity.  The  lower  activation  energy  (Table  ED  for 
in-diffusion  in  polycrystal  S2  (0.4eV)  compared  with  the  single  crystal 
(1.16eV)  suggests  that  percolation  effects  may  mask  intrinsic  in-diffusion 
behavior  in  polycrystalline  material  [62]. 


4.  Conclusions 

In  summary,  the  study  of  single  crystal  and  polycrystalline  YBa2Cu306+x 
has  alVwed  for  intrinsic  diffusion  behavior  to  be  distinguished  from  that 
which  is  influenced  by  microstructure.  Diffusion  characteristics  were 
found  to  be  dependent  on  the  microstructure  under  certain  conditions, 
which  could  explain  the  many  apparent  discrepancies  for  chemical 
diffusion  in  the  literature.  Whereas  there  appears  to  be  close  agreement 
between  tracer  diffusion  studies,  internal  friction  measurements,  and 
room  temperature  mobility,  there  are  wide  discrepancies  in  the 
measurement  of  chemical  diffusivities  and  activation  energies  most  likely 
due  to  different  experimental  techniques,  varying  microstructures,  and 
difficulty  in  choosing  an  appropriate  diffusion  length. 

Oxygen  out-diffusion  was  observed  to  proceed  by  two  different 
mechanisms  in  single  crystal  YBa2Cu30g+x  above  and  below  680°C,  with 
calculated  activation  energies  of  1.6(1)  eV  and  1.00(4)  eV,  respectively.  In 
dense  polycrystalline  material,  this  break  occurred  at  a  higher  temperature 
(700°C)  with  activation  energies  of  1.93(6)eV  and  1.7(l)eV  above  and  below 
700°C.  These  two  mechanisms  were  not  necessarily  associated  with  the 
orthorhombic  or  tetragonal  structures,  but  may  instead  be  due  to  the 
natural  tendency  for  oxygen  to  order  below  680-700°C  regardless  of  the 
oxygen  content.  The  low  activation  energies  of  0.6(l)eV  and  0.5(l)eV  for 
oxygen  out-diffusion  below  600°C  in  dense  and  porous  material, 
respectively,  and  for  in-diffusion  in  the  dense  material  (0.4(l)eV)  suggests  a 
high  diffusivity  pathway  such  as  grain  boundary  diffusion  or  percolation 
effects.  Both  processes  may  complicate  the  selection  of  an  appropriate 
diffusion  length  for  the  calculation  of  D.  The  higher  activation  energies  for 
oxygen  out-diffusion  above  600°C  in  dense  material  (1.7eV  and  1.9eV)  and 
single  crystals  (l.OeV  and  1.7eV)  suggests  that  grain  boundary  diffusion 
and/or  percolation  effects  were  not  significant  at  these  temperatures. 

Oxygen  in-diffusion  was  observed  to  be  slower  than  out-diffusion  in 
single-crystal  YBa2Cu30s+x  at  all  measurement  temperatures  (600-780°C) 
with  an  activation  energy  of  1.16(6)eV.  This  was  contrary  to  the  diffusion 
rates  observed  in  polycrystalline  ceramic  specimens,  in  which  electrical 
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measurements  of  in-diffusion  appeared  to  proceed  at  a  faster  rate  than  out- 
diffusion.  Faster  in-diffusion  in  polycrystalline  material  can  be  attributed 
to  the  formation  of  thin  conductive  layers  of  highly  oxygenated  material  at 
grain  boundaries  or  at  the  specimen's  surface,  which  behave  as  percolation 
paths  for  electrical  transport.  Intrinsically  slower  in-diffusion  in  single 
crystals  can  be  attributed  to  the  increasingly  slower  diffusion  through  a 
highly  oxygenated  shell  which  coarsens  with  time.  A  low  concentration  of 
oxygen  vacancies  and/or  ordered  oxygen  regions  would  make  oxygen 
diffusion  extremely  slow  through  the  shell. 
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The  purpose  of  this  paper  is  to  examine  the  interrelationship  between  oxygen  stoichiometry  and  mobility 
with  ierroelastic  properties  in  YBa2Cu307.,.  Changes  in  oxygen  stoichiometry,  B,  affect  the 
orthorhombic-tetragonal  phase  transformation  behavior  and  consequently  can  be  expected  to  directly 
affect  the  ferroelastic  domain  structure  and  switching  properties.  A  free  energy  formulation  is  used  to 
derive  an  expression  for  the  energy  yT  of  a  {110}  twin  wall  in  YBa2Cu307.»  in  terms  of  the  spontaneous 
strain,  coercive  stress,  and  twin  wall  separation.  An  upper  limit  of  40  mJ/m2  was  estimated.  Fenoelastic 
viscosity,  n,  of  YBa2Cu307_»  was  assumed  to  be  an  activated  process  which  depends  on  both  the 
diffusivity  and  concentration  of  oxygen  according  to  the  relation  q  =  ■no(0.6-8)exp(  -  ElkT)  for  8  < 
0.6.  Two  types  of  domain  reorientation  mechanisms  are  proposed,  a  cooperative  shear  process  of  oxygen 
along  a  twin  wall  and  a  stress-assisted  short-range  oxygen  hopping  process  in  the  bulk  of  the  domain, 
both  of  which  are  expected  to  be  strongly  dependent  upon  the  oxygen  content  and  mobility. 

Keywords:  Superconductor,  ferroelastic,  YBa2Cu307+,  oxygen  diffusion, 
phase  transformation,  domains 
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INTRODUCTION 

There  are  many  interesting  features  of  YBa2Cu307_8  in  addition  to  the  remarkable 
superconducting  properties.  YBa2Cu307^  is  a  ferroelastic  (and  possibly  ferroelectric1) 
which  exhibits  domain  (twin)  structures  reminiscent  of  the  more  familiar  perovskite 
ferroics,  e.g.,  BaTiOj,  Bi4Ti3012,  etc.  The  ferroelastic  phase  transformation  in 
YBa2Cu307  5,  however,  is  controlled  by  the  oxygen  content  which  allows  for  the 
transformation  to  be  driven  not  only  by  changes  in  temperature  but  also  by  varying 
the  partial  pressure  of  oxygen  isothermally.2-4  An  understanding  of  twinning  dy¬ 
namics  and  domain  structure  in  YBa2Cu307_8  has  several  fundamental  and  tech¬ 
nologically  important  consequences.  The  multidomain  nature  of  most  single  crystal 
YBa2Cu307.5  makes  certain  physical  property  measurements  difficult  to  determine 
as  the  a-b  anisotropy  cannot  be  deconvoluted.  This  problem  can  be  alleviated  by 
the  application  of  a  suitably  applied  uniaxial  stress  directed  along  either  the  a  or 
b  axis  which  results  in  single  domain  crystals  at  appropriate  temperatures.5-10  The 
measurement  of  fundamental  anisotropic  properties11  may  contribute  to  a  more 
complete  understanding  of  the  superconducting  mechanism.  Twin  (domain)12 
boundaries  have  been  reported  to  act  as  weak  flux  pinning  sites15  which  give  rise 
to  larger  critical  current  densities  under  applied  magnetic  fields.  Thus  the  ability 
to  tailor  twin  boundary  densities,  and  possibly  wall  thicknesses,  through  applied 
mechanical  stress  would  be  desirable.  Twin  boundaries  may  also  serve  as  high 
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diffusivity  pathways  for  oxygen  incorporation14  which  would  be  important  in  the 
manufacture  of  ceramics  with  optimum  properties.  The  relatively  large  chemical 
diffusivities  of  oxygen  (D  ~  10" 6- 10' 7  cm2/sec)10  at  elevated  temperatures  (500- 
800°C)  also  make  these  materials  potential  candidates  as  “smart”  materials,  namely 
as  oxygen  sensors.  YBa2Cu307^  is  electrically  conductive  in  which  case  oxygen 
sensors  fabricated  from  this  material  would  not  require  bulky  electrodes  or  ref¬ 
erence  cells.  The  possibility  of  introducing  a  single  twin  wall  into  a  crystal  by  a 
suitably  applied  uniaxial  stress  and  the  ability  to  manipulate  twin  wall  thicknesses 
by  appropriate  oxygen  annealing  treatments  could  lead  to  the  formation  of  indi¬ 
vidual  weak  links  or  Josephson  junctions  for  device  applications. 

Many  technologically  important  ferroelectric  materials  are  simultaneously  fer- 
roelastic.  Consequently,  their  domain  structure  and  switching  behavior  depend  not 
only  on  spontaneous  strain,  but  also  on  spontaneous  polarization  and  the  subse¬ 
quent  depolarization  and  dipolar  energies  at  domain  walls.  However,  elastic  effects 
can  be  so  large  as  to  be  the  controlling  influence  on  domain  configurations  in  many 
ferroelectrics.  Grain  size  greatly  influences  domain  wall  separation  due  to  clamping 
stresses  from  neighboring  grains  and  consequently  controls  the  switching  behavior 
in  polycrystalline  BaTi03.  YBa2Cu307.s  is  a  pure  ferroelastic  and  serves  as  an 
excellent  prototype  material  with  which  to  study  purely  stress-related  domain  dy¬ 
namics  and  structure.  This  could  have  important  implications  in  understanding 
aging  behavior  and  domain  switching  in  other  ferroic  systems. 

It  is  the  purpose  of  this  paper  to  review  some  fundamental  considerations  of 
ferroelasticity  in  YBa2Cu307_6  including  comparisons  with  other  ferroic  materials. 
The  interrelationship  between  oxygen  diffusion  and  ferroelasticity  will  be  discussed 
in  relation  to  domain  (twin)  structure  and  dynamics.  The  paper  begins  with  a  brief 
review  of  ferroelasticity,  including  prototype  symmetries  and  spontaneous  strain 
formulation,  followed  by  a  discussion  of  ferroelastic  behavior  in  YBa2Cu307  6.  The 
latter  will  include  an  estimation  of  the  {110}  twin  wall  energy  and  a  discussion  of 
proposed  mechanisms  for  domain  wall  mobility  and  reorientation. 


FERROELASTIC  YBa2Cu307.& 

Prototype  Symmetry  and  Orientation  States 

It  is  well  known  that,  ferroelastics  are  materials  which  exist  in  two  or  more  en¬ 
ergetically  equivalent  orientation  states  in  the  absence  of  an  external  applied  stress 
field.15  In  addition,  it  must  be  theoretically  possible  to  switch  from  one  state  to 
another  through  the  application  of  a  suitably  applied  uniaxial  stress.  In  the  absence 
of  an  external  field,  the  orientation  states,  S„  of  ferroelectrics  and  ferromagnets 
differ  in  one  or  more  components  of  spontaneous  polarization,  Ps,  and  spontaneous 
magnetization,  Ms ,  respectively.  In  an  analogous  fashion,  ferroelastics  differ  in  one 
or  more  components  of  spontaneous  strain,  e,.15  These  three  types  of  materials  are 
grouped  into  a  class  of  materials  known  as  ferroics.  A  ferroic  phase  transformation 
occurs  between  the  prototype  phase  and  the  ferroic  phase  and  is  accompanied  by 
a  change  in  the  point  group  symmetry  leading  to  the  onset  or  disappearance  of 
certain  state  parameters  such  as  spontaneous  strain,  polarization,  or  magnetization. 

The  phase  in  which  all  state  parameters  are  zero  is  defined  as  the  prototype 
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phase.  The  prototype  has  the  highest  supergroup  symmetry  attainable  by  a  given 
crystal  structure  through  a  small  structural  displacement  and  thus  there  is  ideally 
no  rupture  or  reconstructive  rearrangement  of  chemical  bonds  in  a  ferroic  phase 
transformation.  The  point  group  symmetry  of  the  prototype  phase  should  enable 
the  prediction  of  all  orientation  states  possible  in  the  lower  symmetry  ferroic  phases.16 
In  ferroic  materials  the  domain  structure  and  finite  switching  times  for  the  orien¬ 
tation  states  leads  to  hysteresis  between  the  relevant  state  parameter  and  the 
corresponding  driving  potential.  Ferroelectrics  exhibit  hysteresis  in  polarization 
versus  electric  held,  ferromagnets  in  magnetization  versus  applied  magnetic  field, 
and  ferroelastics  in  strain  versus  applied  uniaxial  stress. 

According  to  Aizu16  the  number  of  theoretically  permissible  orientation  states, 
n,  in  a  ferroic  crystal  can  be  determined  by  symmetry  considerations  and  equals 
the  order  of  the  prototype  point  group  divided  by  the  order  of  the  ferroic  point 
group.  The  number  of  symmetry  operations  (F-operations)  lost  in  the  ferroic  phase 
transformation  will  determine  the  number  and  orientation  of  all  the  crystallograph- 
ically  permissible  orientation  states  in  the  ferroic  phase.  These  lost  symmetry  op¬ 
erations  will  map  all  of  the  different  orientation  states,  Sh  onto  one  another.  For 
example,  if  a  mirror  plane  is  lost  in  the  ferroic  phase  transformation,  it  will  map 
two  different  orientation  states  onto  each  other.  YBa2Cu307.s  belongs  to  the  fer- 
roelastic  Aizu  species  4/mmmFmmm.15  The  prototype  phase  (tetragonal;  4/mmm) 
has  an  order  of  16  while  the  ferroic  species  (orthorhombic;  mmm)  has  an  order  of 
8  which  predicts  two  (16/8  =  2)  possible  orientation  states,  S3  and  S2. 


Domains  and  Switching 

Energetically  equivalent  orientation  states  (domains)  are  formed  to  minimize  the 
free  energy  of  a  ferroic  crystal.  The  formation  of  ferroelastic  domains  acts  as  a 
stress-accommodating  mechanism  as  the  crystal  is  cooled  through  a  ferroic  phase 
transformation.  The  equilibrium  size  of  the  average  domain  width,  d,  is  determined 
by  the  minimum  free  energy  of  the  domain  walls  which  includes  the  elastic  defor¬ 
mation  energy  and  the  twin  wall  energy,  7r.17  (One  must  also  consider  depolari¬ 
zation  and  dipolar  energies  at  domain  walls  in  insulating  ferroelectrics.)  Elastic 
deformation  energy  is  caused  by  spontaneous  deformation  from  the  symmetry 
reduction  of  the  crystal  upon  cooling  through  a  ferroic  transformation  and  by 
clamping  of  the  crystal  either  externally  in  single  crystals  or  by  the  surrounding 
grains  in  polycrystalline  ceramics. 

In  general,  the  switching  of  orientation  states  in  ferroic  materials  proceeds  by 
three  steps.  First,  nucleation  of  domains  at  crystal  faces  (and,  possibly,  at  internal 
defects)  due  to  the  lower  activation  energies  at  surfaces  and  interfaces.  Second, 
domain  growth  throughout  the  bulk.  Third,  sideways  growth  or  expansion  of  do¬ 
main  walls,  probably  due  to  continuous  nucleation  along  domain  walls.  These  three 
processes  may  proceed  simultaneously  in  different  parts  of  a  crystal  or  crystallite. 
The  critical  coercive  stress,  crc,  of  a  ferroelastic  can  be  defined  as  the  minimum 
stress  needed  to  introduce  a  new  orientation  state  in  a  crystal  which  is  comprised 
entirely  of  a  different  orientation  state.18  The  coercive  stress  is  directly  analogous 
with  the  coercive  field,  Ec,  in  ferroelectrics. 
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Spontaneous  Strain 

Spontaneous  polarization,  P„  and  spontaneous  magnetization,  Ms,  can  be  defined 
as  the  displacement  of  electric  or  magnetic  charge  and  are  easily  seen  to  go  to  zero 
in  the  prototypic  state  for  a  ferroelectric  or  ferromagnetic  crystal.  However,  de¬ 
fining  a  spontaneous  strain,  e(j),  in  a  ferroelastic  crystal  so  that  it  goes  to  zero  in 
the  prototypic  state  is  somewhat  more  subtle.  The  normal  strain  tensor  of  a  material 
cannot  be  used  to  represent  the  spontaneous  strain  tensor  of  a  ferroelastic  because 
it  does  not  necessarily  equal  zero  in  the  prototype  state  due  to  induced  thermal 
expansion  effects.  In  defining  spontaneous  strain,  the  following  requirements  must 
be  satisfied:15 

1)  Spontaneous  strain  should  be  independent  of  the  rectangular  coordinate  sys¬ 
tem  and  be  the  same  in  all  the  orientation  states  of  the  ferroelastic  phase. 

2)  Spontaneous  strain  should  be  zero  over  all  temperatures  in  the  prototypic 
phase. 

The  n  orientation  states  of  a  ferroelastic  crystal  can  be  represented  by  S„  S2, 
.  .  .  Sn.  The  spontaneous  strain  tensor,  e(J)(Si),  for  a  given  orientation,  S„  can  be 
written  as,15 

e(j)(S.)  =  e(S/)  -  -  £  e(S*)(i  =  1,2 . n)  (1) 

n  k-i 

where,  e(S,)  is  the  strain  tensor  for  the  orientation  state,  S,  and  the  second  term 
is  defined  as  the  mean  strain  tensor,  em.  The  magnitude  of  the  spontaneous  strain 
tensor  is  simply  written  as,15 

Es  =  S  £  E(s)ij  (2) 

<-! ;-i 

where  e(j)i/  are  the  ifh  elements  of  e(j)(5,). 


Spontaneous  Strain  in  YBa2Cu307 

YBa2Cu307^  undergoes  a  4/mmmFmmm  ferroelastic  phase  transformation  at  ~700°C 
in  pure  oxygen19  with  the  onset  of  spontaneous  strain.  The  tetragonal  to  ortho¬ 
rhombic  phase  transformation  results  in  the  formation  of  energetically  equivalent 
domains  with  (110)  and  (llO)  twin  walls.  These  are  so  called  W-walls20  or  crystal- 
lographically  prominent  planes  which  are  expected  to  be  strain-free.  If  two  fer¬ 
roelastic  domains,  St  and  S2,  are  separated  by  a  W-wall,  the  spontaneous  strain 
tensor  of  say  5,  can  be  mapped  onto  S2  by  the  symmetry  associated  with  the  W- 
wall. 

The  spontaneous  strain  tensor  for  both  orientation  states  is  written  from  Equation 
(1)  and  the  orthorhombic  strain  tensor  as, 


EU)(Si) 


/w  0  0\ 
±  0 -wOl 
\0  0  0/ 


(3) 


where  w  =  i  (eu  -  e22)  and  e,,  and  e22  are  the  strains  in  the  a  and  b  directions 
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of  the  orthorhombic  material.  The  magnitude  of  the  spontaneous  strain  is  written 
from  Equations  (2)  and  (3)  as,15 

ts  =  V2|w|  (4) 


or  in  terms  of  the  a  and  b  lattice  parameters. 


V2 


a  -  b 
a  +  b 


(5) 


In  the  tetragonal  prototypic  phase,  en  =  (i.e.,  the  a-axis  and  b-axis  are  indis¬ 

tinguishable),  and  from  inspection  of  Equation  (3),  the  spontaneous  strains  in  both 
orientation  states  are  now  equal  and  zero.  Also  note  from  Equation  (5)  that  the 
magnitude  of  the  spontaneous  strain  is  the  same  in  both  orientation  states  of 
orthorhombic  YBa2Cu307.s.  The  requirements  for  defining  the  spontaneous  strain 
have  now  been  satisfied.15 

The  magnitude  of  the  spontaneous  strain  in  YBa2Cu307.6  can  be  calculated  from 
the  appropriate  lattice  parameters  at  various  temperatures  (and  hence  oxygen 
contents)  in  equilibrium  with  100%  oxygen  (Figure  1(a)).19  The  spontaneous  strain 
also  varies  at  room  temperature  in  samples  which  were  quenched  from  520°C  after 
annealing  in  controlled  oxygen  partial  pressures  (Figure  1(b)).21  The  spontaneous 
strain  is  nearly  constant  below  600°C  (Figure  1(a)).  However,  stress  induced  de- 
twinning  has  not  been  observed  below  300-400°C,  which  suggests  that  there  are 
additional  factors,  aside  from  the  structural  distortion,  which  must  be  overcome 
to  enable  twin  wall  motion. 


Switching  Stress 

By  neglecting  any  second-order  ferrobielastic  effect,6  18  the  free  energy  difference 
between  the  two  orientation  states,  and  52,  for  YBa2Cu307.5  at  constant  tem¬ 
perature  can  be  written  as, 

AG  =  -  Ae(j)l,a„  (6) 

The  optimum  stress  state  a,,  required  to  switch  from  state  5,  to  S2  will  give  the 
maximum  reduction  of  free  energy,  AG  v/hich  is  simply, 

AG  =  G2  -  Gi  -  2»v(cr11  -  o22)  (7) 

where  G,  and  G2  are  the  free  energies  of  5,  and  3’2,  respectively.  Below  the 
orthorhombic-tetragonal  phase  transformation  in  YBa2Cu307.5  the  a-axis  contracts 
and  the  b-axis  expands  relative  to  the  tetragonal  prototype.  Consequently,  en  is 
negative,  e22  is  positive,  and  w  is  negative  (Equation  (3)).  The  optimum  stress  state 
(the  minimum  AG)  will  occur  when  o,,  =  0  and  cx22  =  oapplied  (i.e.,  a  compressive 
stress,  o-applied,  is  directed  along  the  b-axis).  Figure  2  is  a  schematic  diagram  for 
domain  wall  motion  in  a  YBa2Cu307.s  crystal  under  the  application  of  a  uniaxial 
stress.  Orientation  state  5,  is  favored  and  will  grow  at  the  expense  of  orientation 
state  S2. 
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FIGURE  1  Spontaneous  strain  in  ferroelastic  YBa2Cu307.6  as  a  function  of  (a)  temperature  and  oxygen 
content  when  in  equilibrium  with  100%  oxygen  (Reference  19)  and  (b)  oxygen  vacancy  content,  5,  at 
room  temperature  following  quenches  from  520°C  in  controlled  partial  pressures  of  oxygen  (Reference 
21). 

Orthorhombic-Tetragonal  Phase  Transformation 

The  orthorhombic-tetragonal  transformation  in  YBa2Cu307.s  is  known  to  be  an 
order-disorder  structural  phase  transformation  which  occurs  near  an  oxygen  content 
of  6.4-6.5  oxygen  per  unit  cell,19  21  and  whose  transformation  temperature,  T0,  is 
determined  by  the  partial  pressure  of  oxygen  surrounding  the  material.  The  oxygen 
content  also  plays  an  important  role  in  determining  other  normal-state  and  super¬ 
conducting  properties  of  YBa2Cu307.8  (for  example,  see  Reference  22).  The  fully 
oxygenated  (orthorhombic)  state  (8  ~  0)  consists  of  oxygen  atoms  ordered  on  the 
0(1)  chain  sites,  thereby  forming  one-dimensional  copper-oxygen  rows  or  chains 
(Figure  3).  As  8  increases,  oxygen  is  both  removed  from  0(1)  sites  and  disordered 
from  0(1)  sites  onto  normally  vacant  0(5)  chain  sites  until  they  are  equally  occupied 
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FIGURE  2  Lateral  motion  of  twin  boundaries  under  the  influence  of  an  applied  uniaxial  stress  in 
which  orientation  state  5,  grows  at  the  expense  of  S2. 


(010) 


(100) 

□  0(5)  Oxygen  O  0(1)  Oxygen  •  Cu(I)  Copper 
Vacancy 


FIGURE  3  An  idealized  {110}  twin  boundary  in  YBa:Cu307.,  as  viewed  in  the  a-b  plane.  The  twin 
boundary  separates  two  different  orientation  states  (domains)  which  differ  in  the  direction  of  sponta¬ 
neous  strain.  Twin  boundaries  form  in  order  to  relieve  the  strain  accompanying  the  tetragonal  to 
orthorhombic  phase  transformation. 
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and  the  material  becomes  tetragonal.  Theoretical  models23  first  suggested  that 
intermediate  oxygen-ordering  states  may  exist  between  the  ideal  orthorhombic 
(8  *  0)  and  tetragonal  (8  **  1)  structures.  One  such  ordered  state  is  the  ortho- 
rhombic-II  (Oil)  structure  which  has  every  other  copper-oxygen  chain  absent. 
Subsequent  transmission  electron  microscopy24  and  neutron  diffraction23  studies 
have  indeed  confirmed  the  existence  of  the  Oil  structure  in  addition  to  other 
intermediate  oxygen  ordered  phases. 

The  strong  dependence  of  the  crystal  structure  on  the  oxygen  content  suggests 
that  the  kinetics  of  the  orthorhombic-tetragonal  phase  transformation  will  depend 
strongly  on  oxygen  diffusion  behavior.2-3  26-27  Thus,  in  addition  to  the  temperature 
and  oxygen  partial  pressure  dependencies  for  the  equilibrium  transformation,  one 
must  also  consider  other  parameters  such  as  heating  and  cooling  rates  and  grain 
(or  crystal)  size  effects  (i.e.,  the  diffusion  length)  when  considering  the  kinetics  of 
the  transformation.  The  strain  accompanying  the  orthorhombic-tetragonal  phase 
transformation  leads  to  the  formation  of  twin  walls  which  separate  the  material 
into  ordered  domains  and,  according  to  the  symmetry  operations  lost  at  the  trans¬ 
formation,  makes  YBa2Cu307.8  a  pure  ferroelastic.15  A  complete  knowledge  of 
oxygen  diffusion  behavior  in  YBa2Cu307^  would  facilitate  an  understanding  of  the 
kinetics  and  mechanism  of  the  orthorhombic-tetragonal  phase  transformation  and 
subsequently  would  elucidate  on  the  mechanism  for  ferroelastic  detwinning. 

Upon  cooling  through  the  transformation  temperature,  T0,  orthorhombic  mi¬ 
crodomains  are  formed  within  a  tetragonal  matrix.  These_ orthorhombic  regions 
can  have  one  of  two  different  twin  orientations — (110)  or  (110)  walls — and  coarsen 
with  time  and  decreasing  temperature  often  giving  rise  to  a  characteristic  “tweed” 
structure.28-29  Shi26  has  proposed  a  two-step  tranformation  process.  Initally,  a  rapid 
martensitic-shear  type  mechanism  leads  to  twin  boundary  formation.  Further  do¬ 
main  growth  proceeds  more  slowly  and  is  limited  by  long  range  oxygen  diffusion 
behavior.  Eventually  twin  boundaries  interact  and  local  regions  of  strain  or  variable 
oxygen  content  will  determine  which  domains  grow  at  the  expense  of  others.  Ob¬ 
servations  of  domain  wall  memory  effects  in  YBa20u3O7^  crystals3  suggest  that 
lattice  defects  either  control  local  strain  regions  or  serve  as  nucleation  sites  for 
initial  twin  formation. 


Ferroelastic  Domains 

The  ferroelastic  character  of  the  orthorhombic-tetragonal  transformation  in 
YBa2Cu307.8  has  been  supported  by  several  detwinning  (switching)  studies.3-10 
The  orientations  of  the  twin  walls  in  the  YBa2Cu307^  material  are  of  the  {110} 
type  and  are  determined  from  both  the  symmetry  elements  lost  in  the  transfor¬ 
mation  and  from  spontaneous  strain  compatibility  requirements  at  the  twin  wall.20 
In  practice,  however,  four  orientation  states  are  usually  observed30  with  —90° 
orientated  twin  walls.  Shuvalov  et  al.31  consider  the  symmetry  laws13-16  of  “ideal 
twinning”  to  be  only  a  first  approximation  to  the  orientation  states  often  observed 
in  real  ferroelastics.  They  noted  that  the  angles  between  identical  crystallographic 
directions  in  neighboring  domains  are  not  always  the  same  as  the  angles  expected 
between  ideal  orientation  states.  In  addition,  these  angles  are  often  observed  to 
vary  with  temperature  or  pressure.  These  small  deviations  (or  rotations)  from  ideal 
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orientations  lead  to  the  concept  of  suborientational  domain  states.31  Boulesteix32 
has  used  a  similar  approach  to  explain  the  origin  of  the  four  different  orientation 
variants  observed  in  YBa2Cu307.8. 

Across  the  twin  boundary  in  YBa2Cu307.8,  the  a-b  plane  is  rotated  —90°,  so 
that  the  b-axis  of  one  domain  is  almost  perpendicular  to  the  b-axis  in  a  neighboring 
domain  (Figure  3).  Assuming  a  coherent  twin  wall,  the  angle  6  between  equivalent 
crystallographic  axes  in  neighboring  domains  can  be  determined  from  the  expres¬ 
sion  9  =  2  tan-1  (a/b).  The  lattice  parameters  of  fully  oxygenated  YBa2Cu3078 
are  approximately  a  =  3.82  A  and  b  =  3.88  A  which  results  in  0  =  89°,  close  to 
a  value  (89.1°)  determined  by  experiment.10  Twin  walls  of  the  (100)  variety,  in 
which  the  c-axes  in  adjacent  domains  are  rotated  by  90°,  have  also  been  observed 
in  YBa2Cu3078.33  These,  however,  are  probably  growth  twins  as  they  do  not 
disappear  above  the  orthorhombic-tetragonal  transformation.  (100)  twins  would 
probably  impede  oxygen  uptake  as  oxygen  diffusion  is  extremely  slow  in  the  c- 
direction.34  They  may  also  impede  {110}  domain  wall  formation  and  movement.33 

Wadhawan35  36  suggests  a  hypothetical  m3m  prototypic  symmetry  to  account  for 
the  different  {110},  {100},  {1 13},  and  {001}  twin  boundaries  which  have  been  reported 
in  YBa2Cu307_8.  The  point  group  m3m  has  an  order  of  48  which  suggests  three 
possible  orientation  states  in  the  tetragonal  phase.  By  assuming  a  m3m  prototypic 
point  ^roup,  a  room  temperature  spontaneous  strain  of  ~0.31  was  calculate  sf- 
erence  36)  which  is  unreasonably  large.  However,  if  a  tetragonal  prototyp  n- 

metry  of  4/mmm  is  considered,  only  the  occurrence  of  {110}  twin  walls  c  e 

predicted  and  a  room  temperature  spontaneous  strain  of  —0.011  was  calcu,  J 
(Figure  1(a)).  This  is  a  more  reasonable  value  when  compared  with  other  ferro- 
elastic  materials.15  Thus,  the  authors  believe  that  the  vast  majority  of  observed 
twin  structures  and  domain  switching  characteristics  can  be  accounted  for  by  the 
4/mmm  prototypic  symmetry. 


Twin  Wall  Characteristics 

Jou  and  Washburn37  have  proposed  a  model  in  which  several  atomic  layers  close 
to  a  twin  boundary  may  be  oxygen-deficient  due  to  a  balance  between  coulombic 
repulsive  forces  of  neighboring  oxygen  anions  across  a  twin  boundary,  the  stress 
state  of  the  boundary,  and  the  chemical  potential.  Oxygen  vacancy  ordering  near 
twin  boundaries  could  explain  slight  variations  in  9  observed  at  the  boundaries  and, 
also,  the  difficulty  in  achieving  complete  oxygenation  (8  =  0).  Variable  oxygen 
content  near  twin  boundaries  is  probably  temperature  dependent  and  could  account 
for  suborientation  states  observed  in  the  material.30  The  high  concentration  of 
vacancies  may  also  enable  {110}  twin  boundaries  to  behave  as  high  diffusivity  paths 
for  oxygen  diffusion.14 

Twin  wall  thicknesses  may  influence  wall  mobilities  and  also  control  oxygen 
diffusion  behavior.  Zhu  et  a/.38  have  estimated  twin  boundary  thicknesses,  /,  from 
electron  diffraction  patterns  and  the  equation, 


where  Ruo  is  the  distance  from  the  transmitted  spot  to  the  (110)  diffraction  spot. 
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/„  the  length  of  the  streak  at  the  transmitted  spot  due  to  the  twin  boundary  density, 
dno  the  (110)  lattice  spacing,  and  A  a  constant  depending  on  the  experimental 
conditions  and  the  twin  density  contribution.  They  estimated  a  twin  wall  thickness 
of  10- 15  A  (2-3  unit  cells)  for  fully  oxygenated  YBa2Cu307.*  and  found  that  this 
thickness  could  increase  by  the  addition  of  specific  dopants  or  the  variation  of 
oxygen  stoichiometry.38  For  example,  oxygen  removal  both  decreased  the  average 
twin  boundary  separation  and  increased  the  boundary  thickness.  Optimal  flux 
pinning  and  weak  link  behavior  may  occur  when  the  twin  boundary  thickness  is  of 
the  same  length  scale  as  the  coherence  length.39  It  is  well  known  that  the  addition 
of  dopants40  and  variations  in  oxygen  stoichiometry19-21  modify  the  orthorhombic 
strain  and  it  is  thus  a  reasonable  assumption  that  they  may  also  change  the  twin 
wall  energy.  This  may  allow  twin  wall  densities  and  boundary  thicknesses  to  be 
“tailored”  for  specific  applications  which  depend  on  domain  characteristics. 

Sarikaya  et  al .41  have  proposed  a  model  to  predict  the  equilibrium  twin  sepa¬ 
ration,  d,  in  YBa2Cu307.8  as. 


where  ET  is  the  twin  boundary  formation  energy  per  unit  lateral  length,  fl  the 
shear  modulus,  and  A  ala  the  strain.  As  the  oxygen  stoichiometry  is  reduced,  the 
orthorhombic  strain  will  decrease  and  one  expects  the  average  twin  spacing  to 
increase  if  the  twin  wall  energy  remains  relatively  constant.  Indeed,  larger  twin 
spacings  have  been  observed  by  Shaw  et  al.29  for  decreasing  oxygen  content,  how¬ 
ever,  others38-42  have  reported  smaller  twin  spacings  under  similar  conditions.  The 
latter  observations  suggest  that  the  twin  wall  energy  may  vary  with  oxygen  content. 

Shi  et  al.*2  report  average  twin  spacings  of  1500  A,  800  A,  and  300  A  for  oxygen 
contents  of  6.98,  6.62,  and  6.55,  respectively,  which  according  to  Equation  (9), 
can  happen  only  if  lower  oxygen  stoichiometry  reduces  the  twin  wall  formation 
energy  term  ET  faster  than  the  orthorhombic  strain.  The  formation  energy,  ET, 
contains  terms  for  both  the  energy  per  unit  area  of  a  twin  boundary,  yr,  and  the 
lateral  size,  L,  of  a  twin  colony  composed  of  a  single  variant, 

Et  =  ItE  (10) 

This  suggests  that  the  observations  of  decreasing  twin  boundary  separation  with 
increasing  oxygen  deficiency38-42  could  be  due  to  either  (or  both)  a  decrease  in  the 
twin  boundary  interface  energy,  yT,  or  to  a  decrease  in  the  size  of  the  twin  colonies, 
L.  More  quantitative  evidence  is  needed  to  resolve  the  discrepancies  observed29-38-42 
in  twin  separation  as  a  function  of  oxygen  content.  This  would  entail  determining 
the  individual  dependencies  of  the  twin  wall  energy,  size  of  twin  colonies,  and  twin 
separation  distance  on  the  oxygen  content. 

Not  only  can  the  transformation  strain  be  compensated  for  by  the  creation  of 
surface  energy  at  the  twin  boundaries  (i.e.,  yT),  but  it  can  also  be  accommodated 
at  the  edge  of  a  single  variant  twin  network  (often  a  grain  boundary)  which  would 
effectively  lower  the  twin  boundary  energy,  ET,  in  Equation  (10).  If  this  accom¬ 
modation  energy  is  significant,  the  twin  separation,  d,  would  be  expected  to  depend 
on  the  size  of  the  twin  network,  L,  to  the  one-half  power  (i.e.,  d  «  VT).43-44  (Such 
a  dependence  can  be  seen  by  substituting  Equation  (10)  into  (9).)  Indeed,  obser- 
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vations  for  polycrystalline29'45  and  thin  film46  YBa2Cu307.8  have  shown  this  square- 
root  dependence  of  twin  boundary  separation  on  grain  size  and  film  thickness, 
respectively. 

A  crystal  comprised  of  a  single  twin  variant  would  not  be  constrained  by  either 
the  surrounding  grains  as  in  the  polycrystalline  specimen  or  the  underlying  substrate 
as  in  a  thin  film  and  the  twin  separation  may  not  exhibit  a  VZ  dependence.  With 
this  assumption,  a  first-order  approximation  of  the  {110}  twin  wall  energy  per  unit 
area,  yr,  in  YBa2Cu3078  can  be  estimated  by  assuming  that  the  energy  associated 
with  the  minimum  stress  (i.e.,  the  coercive  stress,  <tc)  needed  to  detwin  a  crystal 
will  be  balanced  by  the  total  interface  energy  (y^d- ’)  associated  with  the  twin 
walls  where  d~l  is  simply  the  total  area  of  twins  per  unit  volume  of  crystal.  In 
other  words,  accommodation  energies  and  the  subsequent  dependence  of  twin 
separation  on  L  are  assumed  to  be  absent.  Combining  Equations  (4)  and  (7)  yields 
the  twin  boundary  energy  as 

yr  =  A  Gd  =  Vlts<Tcd  (11) 

The  lack  of  experimental  values  for  crc  as  a  function  of  temperature  and  oxygen 
content  does  not  allow  exact  values  of  yT  to  be  calculated,  but  upper  limits  can  be 
estimated  from  switching  stresses  reported  in  the  literature.  Giapinzakis  et  a/.5 
report  the  lowest  applied  stresses  (25  MPa)  required  to  achieve  domain  switching 
at  450°C.  Assuming  a  spontaneous  strain  of  0.011  (Figure  (la))  and  an  average 

TABLE  I 


A  comparison  of  the  ferroelastic  domain  characteristics  of  {110}  twins  in 
YBa2Cu307  j  and  90°  twins  in  BaTi03. 

(180°  twins  in  BaTi03  are  not  ferroelastic.) 


YBajCttjOy.g 

BaTi03 

Prototypic  Phase 

4/mmm  ^ 

m3m 

Ferroic  Phase 

mmm 

4mm 

Lattice  Parameters,  (A) 

a  =  3.823  ^ 
b  =  3.887 

a  =  3.992(c) 
c  =  4.036 

Spontaneous 

Strain,  £s 

1 1.7  x  10-3 (d) 

8.98  x  10-3 (c) 

Wall  Thickness  (A) 

10-30 (e) 

50-100 (0 

Wall  Energy  (mj/m2) 

<40  W) 

2-4  (0 

(a)  A  hypothetical  prototypic  phase  m3m  has  been  proposed  in  Ref.  (36). 


(b)  After  Ref.  {19}. 

(c)  After  Ref.  [18]. 

(d)  This  paper. 

(e)  After  Ref.  [38], 

(f)  These  are  for  90°  twin  walls.  After  Ref.  {47}. 
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twin  separation  of  1000  A38  yields  a  value  of  ~40  mJ/m2  for  the  twin  wall  energy. 
This  is  an  order  of  magnitude  greater  than  2-4  mJ/m2  for  ferroelastic  90°  domain 
walls  in  BaTi03  (Table  I).47  (180°  walls  are  not  ferroelastic.)  The  value  of  the  wall 
energy  estimated  from  Equation  (11)  for  YBa2Cu307_4  is  in  fact  expected  to  be 
lower  once  reliable  coercive  stresses  are  measured.  Again,  it  should  be  noted  that 
Equation  (11)  assumes  that  the  transformation  energy  is  entirely  compensated  for 
by  the  formation  of  surface  energy  at  the  twin  boundaries.  However,  as  mentioned 
previously,  strain  can  also  be  accommodated  at  the  edge  of  a  single  variant  twin 
network  which  would  lead  to  a  dependence  of  the  twin  separation  on  the  grain 
size,  L,  as  seen  by  others.29-45  Equation  (11)  neglects  the  size  of  the  twin  colony, 
L,  which  is  a  reasonable  assumption  in  an  uncontrained  single  crystal  comprised 
of  only  one  twin  variant. 

deFontaine  et  alP  have  used  an  Ising  model  with  next-nearest  neighbor  (nnn) 
anisotropic  interactions  to  succesfully  model  the  different  ordered  oxygen  config¬ 
urations  observed  in  YBa2Cu307_s.  Assuming  the  ideally  coherent  twin  boundary 
(see.  Figure  3)  deFontaine  et  alP  derived  an  expression  for  the  energy  of  a  bound¬ 
ary  per  unit  cell  as  Eb  =  4(Vj  -  V2  -  V3)  where  V,  is  the  effective  interaction 
between  two  nearest  neighbor  oxygen  (i.e.,  the  0(1)  and  0(5)  sites  in  Figure  (3)), 
V2  the  nnn  interaction  between  two  0(1)  oxygen  separated  by  a  copper  atom,  and 
V3  the  nnn  interaction  between  two  0(1)  oxygen  in  neighboring  chains.  Using 
values  of  27.6  mRy,  -9.6  mRy,  and  4.4  mRy  for  Vu  V2,  and  V3,  respectively,49 
and  the  expression  for  the  twin  boundary  energy  per  unit  area,  yT  =  Eb 
(cVa2  +  b2)-1  yields  a  value  of  —450  mJ/m2.  This  value  seems  quite  large  in 
comparison  to  the  40  mJ/m2  estimated  in  this  paper.  This  suggests  that  significant 
lattice  relaxation  and  oxygen  vacancies  due  to  unfavorable  nearest  neighbor  oxygen 
interactions  may  occur  in  the  vicinity  of  a  twin  boundary.  In  other  words,  the 
boundary  is  not  ideally  coherent.  However,  the  proposed  expression  should  serve 
as  a  good  starting  point  in  developing  an  atomistic  model  to  describe  twin  boundary 
characteristics. 

The  energy  of  a  {110}  twin  boundary  has  been  estimated  by  two  groups  using 
two  different  models.  Roy  and  Mitchell45  assume  that  the  transformation  strain  is 
balanced  by  both  the  interface  energy  yT  and  the  accommodation  energy  at  the 
end  of  twin  boundaries.  From  the  slope  of  a  plot  of  the  average  twin  separation, 
d,  as  a  function  of  the  square  root  of  the  size  of  the  twin  colony,  VX,  they  estimated 
an  energy  of  —2.8  mJ/m2  at  room  temperature  which  seems  reasonable  in  light  of 
the  energy  of  a  90°  twin  wall  in  BaTi03  (Table  I)  and  falls  below  the  upper  limit 
of  —40  mJ/m2  estimated  from  Equation  (11).  Dislocation  theory  was  used  by  Bioko 
et  a/.50  to  estimate  the  energy  of  so-called  elastic  twins;  those  which  do  not  extend 
through  an  entire  grain.  A  twin  boundary  energy  of  —1000  mJ/m2  was  obtained 
which  seems  quite  large.  The  estimate  of  Boiko  et  al.50  relies  on  the  twin  separation 
to  length  ratio  (d/L)  obtained  from  twenty-five  twins  observed  by  optical  micros¬ 
copy  in  several  polycrystalline  samples.  As  they  point  out,  however,  their  samples 
vary  in  grain  size  which  has  been  shown  by  others29-45  to  influence  twin  geometries. 
Further  studies  are  needed  to  clarify  the  actual  influence  of  the  oxygen  content 
and  grain  size  on  the  twin  characteristics.  Also,  studies  on  both  polycrystalline  and 
single  crystal  YBa2Cu307.s  would  help  separate  intrinsic  twin  characteristics  from 
those  which  are  influenced  by  the  clamping  stresses  in  a  polycrystalline  specimen. 
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Detwinning  Mechanisms 

One  major  difference  between  YBa2Cu307_8  and  most  ferroelastics  is  the  mecha¬ 
nism  by  which  domain  reorientation  occurs.  Traditional  ferroelastics  require  small 
structural  distortions  on  the  order  of  0.1  A  to  impart  domain  reorientation,  con¬ 
sequently  no  bonds  are  broken.  In  YBa2Cu307_s,  however,  domain  wall  motion 
appears  to  occur  by  large  jumps  (—2.7  A)  of  oxygen  anions  which  requires  both 
the  breaking  of  bonds  and  sufficient  oxygen  mobility.  Figure  4  demonstrates  how 
oxygen  may  cooperatively  shear  (or  jump)  along  a  twin  boundary  under  the  ap¬ 
plication  of  an  applied  stress,  thus  imparting  a  lateral  motion  to  a  twin  boundary 
(see  also  Figure  2).  This  motion  involves  a  2.7  A  jump  of  individual  0(1)  anions 
to  the  vacant  0(5)  sites  which  also  advance  the  twin  wall  2.7  A.  Thus,  a  strong 
dependence  is  expected  between  ferroelastic  domain  wall  motion  and  the  diffusivity 
and  concentration  of  oxygen. 

Rudyak51  has  developed  a  phenomenological  model  to  describe  domain  switching 
properties  in  both  ferroelectric  and  ferroelastic  materials  in  terms  of  a  viscosity 
coefficent  t|  which  contains  the  intrinsic  switching  properties  of  a  given  material 
without  making  any  assumptions  about  the  underlying  microscopic  mechanisms. 
This  model  has  been  successfully  used  to  describe  such  phenomena  as  the  time 
dependence  of  spontaneous  strain  (or  polarization),  the  shapes  of  hysteresis  curves, 
and  the  temperature  dependence  of  coercive  stresses  (or  fields)  in  a  wide  variety 
of  ferroelastic  (and  ferroelectric)  materials  including  order-disorder  types  such  as 
triglycine  sulphate  (TGS),  KH3(Se03)2,  and  gadolinium  molybdate  (GMO)  (see 
Reference  51,  and  references  contained  within).  This  suggests  that  Rudyak’s  vis- 
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FIGURE  4  Cooperative  shear  mechanism  for  twin  wall  migration  under  the  application  of  a  uniaxial 
stress.  At  a  given  temperature  and  applied  stress  one  would  expect  more  facile  wall  motion  (i  e  a 
lower  ferroelastic  viscosity)  if  a  few  oxygen  atoms  were  removed  from  near  the  twin  wall 
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cosity  model51  may  also  be  appropriate  in  describing  the  switching  properties  of 
YBa2Cu307.5  whose  ferroelastic  transformation  is  of  the  order-disorder  variety.19-21 

The  attainment  of  equilibrium  of  a  ferroelastic  under  a  constant  applied  stress 
a  can  be  written  in  scalar  form  as,51 

e  =  e,  |^1  -  exp  (12) 

where  e  is  the  total  macroscopic  strain  (which  should  be  zero  in  a  multidomain 
single  crystal),  es  the  spontaneous  strain  of  an  individual  orientation  state,  t  time, 
and  -q  the  ferroelastic  viscosity  coefficient  which  is  a  measure  of  fundamental 
internal  frictions  and  a  function  of  temperature.  Thus,  with  increasing  time,  the 
total  strain  of  an  initially  multidomain  material  will  approach  the  spontaneous  strain 
of  a  single  domain,  ts  (i.e.,  it  will  approach  a  single  domain  configuration).  This 
is  analogous  to  poling  in  ferroelectrics  where  the  macroscopic  polarization  of  a 
crystal  approaches  that  of  the  spontaneous  polarization  of  a  single  domain  under 
the  application  of  an  applied  electric  field.  Equation  (12)  reveals  that  if  the  applied 
stress  increases  or  the  ferroelastic  viscosity  decreases,  the  switching  time  should 
also  decrease.  Furthermore,  according  to  Equation  (12),  there  should  be  no  thresh¬ 
old  or  coercive  stress.  Instead,  domain  wall  velocities,  v,  would  become  infinitely 
small  as  the  applied  stress  approaches  zero.  Similarly,  domain  wall  mobilities  (v 
=  v/a)  vary  with  time  at  constant  temperature  under  a  constant  applied  stress,  a, 
according  to  the  following  exponential  function,51 

v  =  v0  exp  (13) 

where  v0  is  the  initial  mobility  which  is  a  function  of  domain  width,  spontaneous 
strain,  and  t|.  Wall  mobilities  control  hysteresis  loops  and  consequently  the  switch¬ 
ing  behavior  of  ferroics,  whose  velocities  are  limited  by  impurities,  imperfections, 
and  intrinsic  frictions  or  viscosities.51  An  understanding  of  domaain  wall  mobilities 
in  YBa2Cu3075  may  assist  in  developing  a  clearer  understanding  of  similar  proc¬ 
esses  in  traditional  ferroic  materials. 

The  stress  required  to  induce  domain  wall  motion  will  not  only  depend  on  the 
spontaneous  strain  state  of  the  material,  but  also  on  the  short-range  mobility  of 
oxygen  anions.  Thus,  the  coercive  stress  will  depend  on  both  temperature  and  the 
number  of  0(1)  oxygen  vacancies  present.  Recent  reports  52  53  of  short  range  oxyger 
mobility  at  room  temperature  (and  below)  suggests  that  ferroelastic  detwinning 
may  be  possible  at  these  temperatures  given  sufficient  stress,  0(1)  oxygen  vacancy 
concentration,  and  time.  Room  temperature  oxygen  mobility  occurs  without  loss 
of  oxygen53  suggesting  a  surface  energy  barrier  for  oxygen  diffusion.2-54  This  should 
enable  these  materials  to  be  detwinned  without  loss  of  oxygen  at  low  enough 
temperatures  (<300-400°C).  The  dependence  of  domain  wall  motion  on  oxygen 
mobility  suggests  that  ferroelastic  detwinning  is  also  an  activated  process.  Thus  it 
may  be  difficult  to  measure  actual  coercive  stresses  due  to  the  possibility  of  ex¬ 
tremely  slow  oxygen  migration  and  consequently  slow  domain  wall  motion. 

In  a  fully  oxygenated  crystal,  the  number  density  of  0(1)  oxygen  anions  per  unit 
area  of  twin  boundary  is  calculated  at  1.57  x  1018/m2.  In  order  to  advance  a  unit 
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area  of  twin  wall  one  fundamental  step  (2.7  A),  this  many  oxygen  atoms  must  jump 
to  the  0(5)  sites  (see  Figure  4).  The  removal  of  oxygen  will  effectively  reduce  the 
total  number  of  oxygen  anions  which  must  cooperatively  shear  to  advance  a  twin 
boundary  and  one  expects  the  ferroelastic  viscosity  to  be  reduced.  This  can  be  seen 
qualitatively  in  Figure  4  by  removing  a  few  oxygen  from  near  the  twin  wall. 

In  YBa2Cu307.s  the  fundamental  frictions  affecting  the  ferroelastic  viscosity  coef- 
ficent  q  may  arise  from  potential  energy  barriers  due  to  overlapping  repulsive 
forces  as  oxygen  anions  move  through  the  lattice,  the  coulombic  repulsion  of 
neighboring  oxygen  anions  across  the  twin  wall  (Figure  4),  and  local  strain  fields 
in  the  vicinity  of  a  wall  or  the  intersecticn  of  two  walls.  Switching  times  should 
decrease  as  oxygen  is  removed  from  YBa2Cu307^,  as  this  would  both  reduce  the 
local  strain  fields  near  the  twin  wall  and  the  coulombic  repulsion  forces  between 
adjacent  oxygen  anions  and  would  effectively  reduce  the  ferroelastic  viscosity,  q. 
One  expects  q  to  be  a  function  of  both  temperature  and  oxygen  content;  increasing 
with  decreasing  temperature  and  increasing  oxygen  content. 

One  potential  limitation  of  Rudyak’s  viscosity  modelSI  is  that  it  is  based  on  a 
linear  approximation  in  which  the  viscosity,  q,  is  assumed  to  be  independent  of 
the  applied  mechanical  stress,  aappl,  which  may  not  necessarily  be  valid  over  a  wide 
range  of  ct  (i.e.,  q  =  T)(crappi)).  This  suggests  that,  if  ferroelasticity  is  intimately 
associated  with  the  oxygen  content,  then  the  ferroelastic  viscosity  q  may  vary 
depending  on  both  the  amount  and  mobility  of  oxygen.  Inspection  of  Figure  1(a) 
reveals  that  the  spontaneous  strain  does  not  vary  much  below  -~600°C,  but  does 
decrease  monotonically  with  decreasing  oxygen  content.  For  switching  to  occur  in 
YBa2Cu307.8,  not  only  must  this  structural  strain  be  reversed,  but  temperatures 
must  also  be  sufficiently  high  to  allow  appreciable  oxygen  mobility.  Thus,  one  may 
assume  that  the  ferroelastic  viscosity  q  is  an  activated  process  which  depends  on 
the  oxygen  diffusivity  and  the  vacancy  content,  8,  and  can  be  written  for  0  <  8  < 
0.6  as, 

■q  =  T)0  (0.6  -  8)  exp  (14) 

where  %  is  a  pre-exponential  factor,  E  the  activation  energy  for  short-range  oxygen 
jumps,  k  Boltzmann’s  constant,  and  T  temperature.  Thus,  as  one  increases  the 
temperature  and  oxygen  vacancy  content,  the  ferroelastic  viscosity  will  decrease 
(Equation  14)  with  a  corresponding  increase  in  the  wall  mobility  (Equation  13). 
Measurements  of  q  as  a  function  of  applied  stress,  oxygen  content,  and  temperature 
from  Equations  (12)  and  (14)  should  allow  for  the  estimation  of  the  fundamental 
activation  energy  for  oxygen  shear  along  the  twin  wall  to  be  estimated.  One  may 
expect  this  value  to  be  close  to  1  eV  which  is  the  activation  energy  for  a  single 
oxygen  jump  as  measured  by  tracer  diffusion,34  room  temperature  oxygen  mobil¬ 
ity,52  and  internal  friction55  measurements. 

As  oxygen  stoichiometry  is  reduced  towards  6.4  (i.e.,  the  orthorhombic- 
tetragonal  transformation  point,  8  =  0.6),  twin  boundaries  are  observed  to  thicken38 
which  may  be  due  to  oxygen  vacancy  clustering.37  The  ideal  picture  of  cooperative 
shear  of  oxygen  anions  along  a  sharp  coherent  twin  boundary  may  not  be  valid  in 
this  oxygen  range.  Jumps  may  occur  more  en  masse  at  distances  further  from  the 
twin  boundary  due  to  the  larger  concentration  of  oxygen  vacancies.  The  mechanism 
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for  domain  reorientation  may  no  longer  result  from  twin  wall  motion  by  a  coop¬ 
erative  shear  process,  but  instead  by  a  stress-assisted  short-range  hopping  process 
of  oxygen  in  the  bulk  of  unfavorably  aligned  domains.  A  sharp  coherent  twin 
boundary  should  lead  to  a  lower  activation  energy  for  short-range  oxygen  migration 
in  comparison  with  the  bulk  and,  consequently,  a  cooperative  shear  of  oxygen 
anions  along  the  boundary  is  to  be  expected.  As  the  twin  boundary  becomes  more 
diffuse  at  higher  temperatures  and/or  lower  oxygen  contents,  the  difference  in 
activation  energy  for  an  oxygen  jump  along  the  boundary  and  in  the  bulk  of  the 
domain  should  become  less.  One  would  then  expect  stress-associated  short-range 
oxygen  jumps  in  regions  away  from  the  boundary. 

The  observation  of  lateral  motion  of  twin  boundaries  under  an  applied  stress 
supports  a  cooperative  shear  of  oxygen  anions  along  the  twin  boundary.610  How¬ 
ever,  detailed  studies  of  twin  wall  motion  at  elevated  temperatures  by  varying 
oxygen  contents  have  yet  to  be  reported.  Under  these  experimental  conditions,  a 
stress-assisted  short-range  oxygen  hopping  process  in  the  bulk  of  a  domain  should 
be  evident  as  a  “melting”  of  the  twin  walls.  It  is  also  quite  possible  that  both  of 
these  mechanisms  occur  simultaneously.  This  raises  the  possibility  of  critical  stresses, 
temperatures  and  oxygen  contents  for  which  domain  reorientation  mechanisms 
may  change  from  a  cooperative  shear  process  to  a  stress-assisted  diffusion  mech¬ 
anism. 


CONCLUSIONS 

In  conclusion,  one  can  appreciate  that  YBa2Cu307.6  is  a  unique  material,  being 
simultaneously  a  superconductor,  a  ferroelastic,  and  possibly  an  oxygen  sensor. 
The  standard  symmetry  laws  of  ferroelastics  can  be  used  to  define  the  prototype 
symmetry  (4/mmm),  the  number  (2)  of  orientation  states,  and  twin  wall  orientation, 
{110},  in  YBa2Cu307.8.  Ferroelastic  phenomenon  in  YBa2Cu307.8  is  influenced  by 
the  oxygen  stoichiometry  and  mobility;  both  of  which  depend  on  temperature, 
partial  pressure  of  oxygen,  rate  of  heating  and  cooling,  and  kinetics  of  oxygen 
migration.  Twin  boundary  separation  and  thickness  depend  on  the  oxygen  content, 
while  domain  reorientation  behavior  should  depend  on  both  the  content  and  mo¬ 
bility. 

An  expression  was  derived  to  estimate  the  energy  of  a  {1 10}  twin  wall  as  a  function 
of  spontaneous  strain,  coercive  stress,  and  twin  wall  separation.  An  upper  limit  of 
40  mJ/m2  was  calculated.  The  spontaneous  strain,  es,  as  a  function  of  temperature 
and  oxygen  content  was  calculated  from  available  lattice  parameter  data  and  found 
to  be  almost  independent  of  temperature  below  ~600°C.  Room  temperature  de- 
twinning  has  not  been  observed  in  YBa2Cu307.8,  even  though  the  spontaneous 
strain  is  comparable  to  that  at  higher  temperatures.  This  suggests  that  sufficient 
oxygen  mobility  is  required  for  ferroelastic  domain  wall  motion  which  would  be 
typical  of  an  activated  process  which  depends  on  the  diffusivity  and  concentration 
of  oxygen.  Since  the  activation  energies  for  oxygen  diffusion  are  expected  to  be 
lower  near  the  twin  boundaries  of  YBa2Cu307.8,  a  cooperative-shear  domain  reo¬ 
rientation  mechanism  under  the  application  of  an  applied  stress  seems  reasonable. 
However,  the  relatively  large  oxygen  jump  distances  (~2.7  A)  and  variable  oxygen 
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contents  also  make  a  stress-assisted  short-range  oxygen  hopping  process  in  all 
regions  of  a  domain  conceivable  under  certain  conditions  (i.e.,  different  stresses, 
temperatures,  and  oxygen  contents). 

Many  issues  remain  to  be  resolved  regarding  both  the  static  and  dynamic  aspects 
of  twin  walls  in  YBa2Cu307^.  This  will  require  measurements  of  twin  geometries 
in  both  polycrystalline  and  single  crystal  specimens  at  various  temperatures  and  in 
controlled  oxygen  partial  pressures  in  order  to  elucidate  on  available  models  of 
twin  boundary  formation.  Systematic  studies  of  the  actual  detwinning  process, 
which  includes  the  measurement  of  coercive  stresses,  ferroelastic  viscosities,  and 
twin  boundary  mobilities  as  a  function  of  temperature  in  controlled  oxygen  partial 
pressures,  are  still  needed  in  order  to  determine  the  role  of  oxygen  content  and 
mobility  on  switching  behavior. 

Thus,  ferroelasticity  and  the  subsequent  domain  structure  must  be  properly  char¬ 
acterized  and  understood  in  order  to  interrelate  the  effects  on  the  physical  prop¬ 
erties  of  YBa2Cu307^.  This  may  enable  the  engineering  of  domain  characteristics 
through  chemical  doping,  applied  stresses,  or  varying  oxygen  stoichiometry  in  order 
to  design  a  material  with  specific  property  requirements.  An  investigation  of  fer¬ 
roelastic  behavior  in  YBa2Cu307.8  could  also  lead  to  a  more  complete  understanding 
of  domain  dynamics  and  switching  behavior  in  other  ferroelectric-ferroelastic  sys¬ 
tems  (e.g.,  BaTi03). 
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ABSTRACT 

Isothermal  resistance  measurements  were  used  to  monitor  oxygen  in¬ 
diffusion  and  out-diffusion  in  single  crystal  YBazCugOy.g  from  600-780°C. 
Measurements  on  single  crystals  reveal  that  oxygen  out-diffusion  is  intrinsically 
faster  than  in-diffusion,  which  is  contrary  to  the  rates  observed  in  other  studies  for 
polycrystalline  ceramics.  Oxygen  out-diffusion  measurements  suggest  two 
different  mechanisms,  one  above  anc[  one  below  ~680°C,  which  have  activation 
energies  of  1.57±0.06eV  and  1.00±0.04eV,  respectively.  Calculation  of  relaxation 
times  for  oxygen  in-diffusion  into  initially  tetragonal  YBa2Cu3C>7_g  suggest  a 
single  mechanism  from  600-780°C  with  an  activation  energy  of  1.16±0.06eV. 


INTRODUCTION 

The  oxygen  stoichiometry  of  YBazCugOy.g  can  be  monitored  at  high 
temperatures  and  at  different  oxygen  partial  pressures  by  electrical  resistance 
measurements  which  directly  monitor  the  hole  concentration  [1-10].  The 
resistance  of  orthorhombic  YBa2Cu3C>7_g  (8=0)  is  metallic  and  increases  linearly 
with  temperature  up  to  approximately  350°C  in  ceramics  [4]  and  up  to  500°C  in 
single  crystals  [9].  Above  these  temperatures  appreciable  oxygen  out-diffusion 
occurs  and  the  resistance  increases  more  rapidly.  This  is  largely  a  consequence  of  a 
decrease  in  the  hole  concentration  as  oxygen  leaves  the  system  according  to  a 
defect  relation  [3,9], 

0*+2h’  £  V^Oz  (1), 

X 

where  denotes  a  doubly  ionized  (positive)  vacant  0(5)  oxygen  site,  Oq  is  the 
neutral  occupied  0(1)  chain  site,  and  h'  an  electron  hole. 

In-situ  resistance  measurements  as  a  function  of  temperature  and  Po2  have 

been  used  to  monitor  the  kinetics  of  oxygen  in-diffusion  and  out-diffusion  [2-4,10]. 
Oxygen  diffusion  has  been  found  to  depend  strongly  on  the  sample  type  (ceramic 
or  single  crystal)  [2-6,8-10]  and  structure  (orthorhombic  or  tetragonal)  [4-6].  It  has 
been  reported  for  ceramic  specimens  that  oxygen  in-diffusion  is  much  faster  than 
out-diffusion  [2-4].  It  is  the  purpose  of  this  paper  to  report  oxygen  diffusion 
behavior  in  single  crystal  YBazCugOy.g  in  both  the  orthorhombic  and  tetragonal 
structures,  and  to  measure  the  intrinsic  rates  of  oxygen  in-diffusion  and  out- 
diffusion. 
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EXPERIMENTAL 


Large  single  crystals  of  various  sizes  were  grown  by  a  standard  self-flux 
technique  described  elsewhere  19].  The  critical  temperature,  Tc  (onset),  from 
SQUID  susceptibility  measurements  was  90K  for  the  annealed  crystal  with  a 
transition  width  of  <1K.  Resistance  measurements  were  made  on  a  crystal  whose 
dimensions  were  approximately  1x1x0.05  mm3  with  the  c-axis  oriented  in  the  thin 
direction.  Four-circle  x-ray  diffraction  analysis  yielded  lattice  parameters  of 
a=3.82A,  b=3.89A,  c=11.68A.  Oxygen  in-diffusion  and  out-diffusion  were 
monitored  in-situ  by  a  standard  four-point  probe  ac  technique  with  the  crystal 
mounted  in  the  hot-stage  of  an  optical  microscope  [9,10],  Four  gold  wires  were 
attached  to  the  comers  of  the  a-b  face  of  the  crystal  with  silver  paste  and  these 
contacts  retained  their  integrity  throughout  the  measurements.  The  ambient  gas 
could  easily  be  switched  from  reducing  (100%  argon)  to  oxidizing  (100%  oxygen) 
conditions.  Water  vapor  and  CO2,  which  can  degrade  YBa2Cu3C>7-5  [11],  were 
removed  from  the  ambient  by  a  scrubbing  column  containing  CaO  and  CaSC>4. 

Isothermal  oxygen  out-diffusion  and  in-diffusion  were  monitored  by 
resistance  measurements  at  temperatures  of  600,  640,  680,  700,  720,  740,  760,  and 
780°C.  Initially,  the  crystal  was  annealed  in  oxygen  until  equilibrium  was 
established  as  indicated  by  a  constant  resistance  for  at  least  three  hours.  Oxygen 
out-diffusion  studies  were  then  carried  out  by  introducing  argon  into  the  hot-stage 
and  measuring  the  resistance  of  the  crystal  as  a  function  of  time.  After  a  one  hour 
argon  anneal,  oxygen  was  reintroduced  into  the  system  and  the  in-diffusion 
resistance  behavior  was  recorded.  At  temperatures  below  ~700°C,  the 
orthorhombic-tetragonal  phase  transformation  was  monitored  with  an  optical 
microscope  by  observing  the  appearance  or  disappearance  of  twin  boundaries. 


RESULTS 

Oxygen  in-diffusion  was  observed  to  be  slower  than  oxygen  out-diffusion  at 
all  temperatures  (600-780°C).  Figure  1  shows  a  typical  resistance  curve  for  oxygen 
in-  and  out-diffusion  at  720°C.  The  introduction  of  argon  into  the  hot-stage  for 
one  hour  results  in  a  linear  increase  in  resistance  as  oxygen  leaves  the  crystal, 
which  suggests  a  linear  dependence  of  resistance  with  the  oxygen  content.  This 
linear  dependence  is  also  typical  of  a  surface-reaction  controlled  process  [4,10].  The 
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Figure  1.  Resistance  as  a  function 
of  time  for  both  oxygen  out- 
diffusion  and  in-diffusion  at  7 20°C. 
The  resistance  increases  during 
oxygen  out-diffusion  and  decreases 
for  oxygen  in-diffusion.  Note  that 
the  initial  resistance  (Ro„)  is  still 
not  regained  after  a  one  hour 
oxygen  anneal  which  suggests  that 
oxygen  in-diffusion  is  intrinsically 
slower  than  out-diffusion. 
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Figure  2.  Normalized  isothermal  resistance  curves  for  (a)  oxygen  out-diffusion 
and  (b)  oxygen  in-diffusion  from  600-780°C. 


introduction  of  oxygen  causes  a  rapid  decrease  in  resistance  attributed  to  a  sudden 
adsorption  of  oxygen  back  into  the  crystal  (Figure  1).  The  starting  resistance, 
however,  is  not  regained  after  a  one  hour  oxygen  anneal  suggesting  that  oxygen 
in-diffusion  in  YBa2Cu30y_5  is  in  fact  intrinsically  slower  than  out-diffusion.  This 
is  contrary  to  the  rates  observed  in  bulk  ceramic  specimens  [2-4].  This  type  of 
behavior  was  observed  at  all  temperatures  (600-780°Q  and  in  all  crystals  that  the 
authors  have  measured. 

Figure  2(a)  shows  the  normalized  isothermal  resistance  behavior  of  oxygen 
out-diffusion  during  one  hour  argon  anneals  from  600-78Q°C.  The  corresponding 
oxygen  in-diffusion  isotherms  are  given  in  Figure  2(b).  The  strain  accompanying 
the  tetragonal-orthorhombic  phase  transformation  is  usually  accommodated  by 
the  formation  of  '110)  twin  boundaries.  These  transformation  twins  are  dearly 
visible  under  polarized  reflected  light  and  enable  one  to  monitor  the  phase 
transformation  in  an  optical  microscope.  Observation  of  the  twin  networks 
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Figure  3.  (a)  The  rate  of  change  of  resistance  (dR/ dt)  from  the  linear  regions 
of  the  oxygen  out-diffusion  isotherms  (Figure  2(a))  suggests  two  different 
regimes  for  oxygen  out-diffusion,  one  above  and  one  below  -680<’C.  (b)  An 
Arhennius  plot  of  dR/dt  (Equation  2)  yields  activation  energies  for  oxygen 
out-diffusion  of  1.57eV  and  l.OOeV  above  and  below  680°C. 
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indicated  that  when  the  crystal  was  in  equilibrium  with  oxygen  it  retained  its 
orthorhombic  form  at  700°C  and  below,  and  its  tetragonal  form  above  700°C.  After 
the  one  hour  argon  anneal  the  crystal  was  tetragonal  at  all  temperatures  indicating 
that  the  orthorhombic-tetragonal  phase  transformation  had  taken  place  at  those 
temperatures  below  700°C.  No  anomalous  resistance  behavior  was  observed  near 
the  orthorhombic-tetragonal  transformation. 

Analysis  of  the  linear  slopes  (dAR/dt)  of  Figure  2(a)  as  a  function  of 
temperature  (Figure  3(a))  suggests  two  different  regions  for  oxygen  out-diffusion 
behavior,  one  above  and  one  below  -6S0°C.  Assuming  that  the  resistance  change 
during  oxygen  out-diffusion  is  directly  proportional  to  the  carrier  concentration 
allows  one  to  calculate  the  activation  energy  for  out-diffusion  in  both  of  these 
regions  [4,10], 

(^)=B°exp(irf)  (2)- 

where  B0  is  a  constant,  E  is  the  activation  energy,  k  Boltzmann  constant,  and  T 
absolute  temperature.  The  activation  energies  from  region  I  (600-680°C)  and  II 
(6 80-780aC)  were  determined  to  be  1.0Q±0.04eV  and  1.57±0.06eV,  respectively 
(Figure  3(b)). 

The  in-diffusion  isotherms  from  Figure  2(b)  were  each  fit  to  an  equation  of 
the  form, 

(Sfe)=exp^t/T>n)  o)' 

where  oxygen  was  reintroduced  into  the  crystal  at  time,  t=0,  R(t)  is  the  resistance 
after  a  time,  t,  has  elapsed,  R<„  the  equilibrium  resistance  (t=~)  in  oxygen,  x 
relaxation  time,  and  n  an  exponent.  The  calculated  relaxation  times  and  exponents 
are  listed  in  Table  I.  Assuming  that  the  relaxation  time,  t,  is  inversely 
proportional  to  the  diffusivity  allows  one  to  calculate  the  activation  energy  during 
the  initial  stages  of  oxygen  in-diffusion  from, 

t  =  T0  exp  ^  j  (4). 

The  activation  energy  for  early  oxygen  in-diffusion  into  initially  tetragonal 
YBa2Cu307>5  from  600-780°C  was  calculated  to  be  1.16±0.06eV. 


DISCUSSION  AND  SUMMARY 

The  functional  forms  of  oxygen  in-  and  out-diffusion  in  single  crystal 
YBa2Cu307_5  are  similar  to  those  measured  by  the  authors  in  a  previous  study 
from  590-720°C  [10]  and  by  others  in  ceramic  specimens  [2-6].  The  most  notable 
difference,  however,  is  that  the  measured  oxygen  in-diffusion  rate  is  slower  than 
out-diffusion  in  single  crystals  (Figure  1)  and  faster  than  out-diffusion  in 
polycrystalline  ceramics  [2-4].  Ottaviani  et  al.  [5]  suggest  that  the  initial  fast  decrease 
in  resistance  for  oxygen  in-diffusion  is  due  to  either  the  formation  of  a  thin 
conductive  layer  at  the  grain  boundaries  or  to  transformed  orthorhombic  regions 
which  occupy  a  significant  portion  of  each  grain.  Additional  oxygen  adsorption 
into  the  core  of  the  crystal  or  grain  would  have  a  much  less  pronounced  effect  on 


T  (°C) 


n 


T  (°C) 

(too 

(ohms) 

t 

(minutes) 

n 

600 

0.77 

43.5(2) 

0.439(2) 

640 

0.93 

19.4(1) 

0.517(2) 

680 

1.09 

14.01(6) 

0.556(2) 

700 

1.26 

10.9(2) 

0.583(9) 

720 

1.39 

6.5(1) 

0.58(1) 

740 

1.49 

4.4(1) 

0.56(1) 

760 

1.57 

3.8(1) 

0.58(1) 

780 

1.64 

3.30(8) 

0.65(1) 

Table  I.  Selected  data  from  isothermal  oxygen  in-diffusion  anneals  (Figure 
2).  The  initial  resistances,  R«  ,  are  for  equilibrium  conditions  in  oxygen  at 
each  temperature.  The  relaxation  time,  T,  for  oxygen  in-diffusion  from 
Equation  3  decreases  with  increasing  temperature,  while  the  exponents,  n, 
remain  essentially  constant. 


the  resistance  behavior.  Observations  of  twinning  dynamics  upon  oxygen  in¬ 
diffusion  in  ceramic  [12]  and  single  crystal  [10]  YBa2Cu307-5,  support  the 
formation  of  a  shell  of  twinned  material  around  a  core  that  is  initially  oxygen 
deficient  (i.e.,  tetragonal).  This  would  lead  to  the  formation  of  a  low  conductivity 
percolation  path  along  the  grain  boundaries  for  a  ceramic  specimen  which  could 
explain  the  measurement  of  apparently  faster  rates  of  oxygen  in-diffusion  than 
out-diffusion.  The  surface  area  to  volume  ratio  in  single  crystal  specimens  is 
much  smaller  than  polycrystalline  ceramics,  consequently,  a  thin  conductive  layer 
around  the  crystal  would  have  a  less  pronounced  effect  on  the  overall  resistance. 

Nobili  et  al.  [6]  report  that  the  resistance  of  a  ceramic  specimen  continues  to 
decrease  even  though  thermogravimetric  analysis  (TGA)  indicates  no  more 
oxygen  uptake.  They  suggest  that,  upon  oxygenation,  a  tetragonal  material  will 
begin  to  form  small  regions  of  ordered  oxygen  which  will  lead  to  an  increase  in  the 
hole  concentration  even  though  the  oxygen  content  remains  constant.  If  such  a 
model  is  correct,  the  slow  decrease  in  resistance  at  720°C  (Figure  1)  would  suggest 
the  formation  of  ordered  oxygen  precursor  regions  prior  to  the  normal  tetragonal- 
orthorhombic  transformation  point  (~700°C  in  100%  oxygen).  It  is  quite  possible, 
however,  that  the  slow  decrease  of  resistance  with  time  in  single  crystals  is  indeed 
a  consequence  of  very  slow  oxygen  incorporation  into  the  bulk  of  the  crystal.  TGA 
measurements  on  large  single  crystals  would  help  to  resolve  this  issue. 

In  the  present  study,  the  extension  of  isothermal  resistance  measurements 
up  to  780°C  allowed  for  the  distinction  between  two  different  regimes  for  oxygen 
out-diffusion  to  be  clearly  made,  one  above  and  one  below  -680°C.  The  respective 
activation  energies  of  1.00  and  1.57eV  suggest  two  different  mechanisms  for 
oxygen  out-diffusion.  It  is  tempting  to  associate  each  activation  energy  with  one  of 
the  crystal  structures  (orthorhombic  or  tetragonal).  It  should  be  noted,  however, 
that  if  the  two  measured  activation  energies  were  each  associated  directly  with 
either  the  orthorhombic  or  tetragonal  structure,  one  would  expect  a  transition 
from  one  mechanism  to  another  as  the  crystal  transformed  structures  during  an 
isothermal  anneal.  The  crystal  structure  transformed  during  oxygen  out-  and  in¬ 
diffusion  between  600-700°C  as  observed  by  optical  microscopy,  however,  no 
concurrent  change  in  the  resistance  curves  was  detected  (Figure  2).  The  change  in 
out-diffusion  mechanisms  near  680°C  may  instead  be  due  to  the  activation  of 
different  defect  mechanisms  which  are  not  necessarily  associated  with  any  one 
particular  crystal  structure. 


806 


The  relaxation  time,  x,  for  oxygen  in-diffusion  is  inversely  proportional  to 
the  chemical  diffusivity,  D,  and  is  a  function  of  both  temperature  and  starting 
oxygen  content,  7-8.  As  temperature  increases,  the  jump  frequency  of  oxygen 
increases,  more  oxygen  vacancies  are  created,  and  the  relaxation  time  decreases 
(Table  I).  Optical  microscopy  indicated  that  the  crystal  was  in  its  tetragonal  form  at 
the  start  of  oxygen  in-diffusion  at  all  temperatures,  consequently,  the  in-diffusing 
oxygen  initially  encountered  the  tetragonal  phase.  This  may  explain  the  apparent 
single  mechanism  for  the  early  stages  of  oxygen  in-diffusion  from  600-780°C.  The 
crystal  transformed  from  tetragonal  to  orthorhombic  crystal  symmetry  below 
700°C,  however,  there  were  no  measurable  differences  in  the  functional  forms  of 
the  in-diffusion  resistance  isotherms  above  or  below  700°C. 

In  summary,  oxygen  in-diffusion  was  observed  to  be  slower  than  out- 
diffusion  in  single-crystal  YBa2Cu307_g  at  all  temperatures.  This  was  contrary  to 
the  diffusion  rates  observed  in  polycrystalline  ceramic  specimens,  in  which  in¬ 
diffusion  occurs  at  an  apparently  faster  rate  than  out-diffusion.  This  difference  can 
be  attributed  to  the  formation  in  ceramics  of  thin  conductive  layers  at  the  grain 
boundaries  which  behave  as  a  percolation  path  for  electrical  conductivity.  Oxygen 
out-diffusion  was  observed  to  proceed  by  two  different  mechanisms  above  and 
below  680°C  with  calculated  activation  energies  of  1.57±0.06eV  and  1.00±0.04eV, 
respectively.  These  two  mechanisms  were  not  necessarily  associated  with  the 
orthorhombic  or  tetragonal  structures.  Early  oxygen  in-diffusion  into  initially 
tetragonal  YBa2Cu307-5  proceeded  by  a  single  mechanism  with  an  activation 
energy  of  1.16±0.06eV. 
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Isothermal  resistance  measurements  and  hot-stage  optical  microscopy  were  used  to  simultaneous¬ 
ly  follow  the  loss  of  oxygen  and  the  disappearance  of  the  twin  structure  in  single-crystal 
YBaiCujO}-),  from  590-720”C.  Oxygen  out-diffusion  was  found  to  follow  surface-reaction-limited 
conditions  with  an  activation  energy  of  1.2  ±0.1  eV.  Although  the  crystal  was  driven  through  the 
orthorhombic-tetragonal  phase  transformation  during  the  isothermal  anneals,  no  anomalous  resis¬ 
tance  behavior  was  observed.  This  suggests  that  previous  observations  of  anomalous  resistance  be¬ 
havior  in  bulk  ceramics  may  not  be  intrinsic  to  YBaiCu(07_6.  The  difference  between  oxygen  in- 
diffusion  and  out-diffusion  kinetics  is  discussed  in  relation  to  the  twin  structure  observed  near  the 
orthorhombic-tetragonal  phase  transformation. 


INTRODUCTION 

The  degree  of  oxygen  nonstoichiometry,  6,  plays  an 
important  role  in  determining  the  normal-state  and  su¬ 
perconducting  properties  of  YBa2Cuj07_6.  Normal-state 
electrical  resistance  measurements  of  bulk  ceramics  at 
elevated  temperatures  depend  directly  on  S, 1-20  which  in 
turn,  is  a  function  of  temperature  and  oxygen  partial 
pressure.21’22  Most  electrical  measurements  on  single 
crystals  have  been  carried  out  at  temperatures  ( <  300  K) 
where  the  oxygen  defect  state  has  already  been  predeter¬ 
mined  by  the  processing  parameters.23-26  Electrical 
measurements  above  300  °C,  where  oxygen  becomes 
mobile,  have  been  confined  primarily  to  bulk  ceramic 
specimens1-20  with  only  a  few  reports  on  single  crys¬ 
tals.27  -29  This  is  most  likely  due  to  the  long  times  re¬ 
quired  to  achieve  homogeneous  oxidation  of  large  single 
crystals,  which  makes  accurate  determinations  of  6  more 
difficult.  It  is  the  purpose  of  this  paper  to  report  high 
temperature  ( 590-720 °C)  isothermal  resistance  measure¬ 
ments  of  oxygen  out-diffusion  kinetics  in  the  vicinity  of 
the  orthorhombic-tetragonal  phase  transformation  for 
single  crystal  YBa,Cu307_6. 

The  orthorhombic-tetragonal  transformation  is  known 
to  be  an  order-disorder  structural  phase  transformation 
driven  by  the  oxygen  nonstoichiometry  parameter  5  and 
its  subsequent  dependence  on  temperature  and  partial 
pressure  of  oxygen.2122  The  fully  oxygenated  (ortho¬ 
rhombic)  state  (6  =  0)  consists  of  oxygen  atoms  ordered 
on  the  0(1)  sites  thereby  forming  one-dimensional 
copper-oxygen  chains.  As  6  increases,  oxygen  is  both  re¬ 
moved  from  the  material  and  disordered  from  0(1)  sites 
onto  normally  vacant  0(5)  sites.  Early  structural  studies 
(for  example,  see  Ref.  22)  treated  the  orthorhombic- 
tetragonal  phase  transformation  as  a  discrete  process 
which  occurred  near  6  =  0.5  where  the  occupancies  of  the 
0(1)  and  0(5)  sites  are  equal  and  the  material  becomes 
tetragonal.  However,  observations  of  intermediate 
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oxygen-ordering  states  between  the  ideal  orthorhombic 
(6  =  0)  and  tetragonal  (6=1)  structures,30  and  theoretical 
models  of  oxygen  ordering,31  suggest  that  the 
orthorhombic-tetragonal  phase  transformation  is  more  of 
an  evolutionary  process  controlled  by  the  oxygen 
diffusion  kinetics.29  32,33  Thus,  in  addition  to  the  tempera¬ 
ture  and  oxygen  partial  pressure  dependencies  for  the 
transformation,  one  must  also  consider  other  parameters 
such  as  heating  and  cooling  rates  and  grain  (or  crystal) 
size  effects.  Anomalies  in  the  temperature  dependence  of 
resistivities  have  been  reported  for  bulk  ceramics2-"  at 
the  orthorhombic-tetragonal  transformation,  while  others 
have  not  reported  any  anomalies.12-20  Probable  causes 
of  these  anomalies  include  the  sudden  gain  or  loss  of  oxy¬ 
gen  near  the  orthorhombic-tetragonal  transformation34 
or  the  appearance  and  disappearance  of  twin  boun¬ 
daries.8,29  In  a  previous  paper,  anomalies  were  reported 
by  the  authors  near  the  orthorhombic-tetragonal  trans¬ 
formation  in  single  crystal  YBa2Cu307_6,  which  were 
detected  by  a  sensitive  “bridge”  electrode  configuration.29 
The  resistance  anomaly  manifest  itself  not  as  a  change  in 
slope  as  has  been  reported,2-"  but  as  fine  structure  (or 
noise)  near  the  transition. 

In  this  paper  a  p-type  electrical  conduction  model"  is 
used  for  the  range  of  6  studied.  A  simple  defect  equation 
can  be  written  in  Kroger-Vink  notation  as 

Ox0  +  2h^V0+\02,  (1) 

where  V'q  denotes  a  doubly  ionized  (positive)  vacant  0(5) 
chain  oxygen  site,  Oq  is  the  neutral  occupied  0(1)  chain 
site,  and  h  an  electron  hole.  The  hole  conductivity  op 
can  be  written  in  its  standard  form  as  ap—pepp  where p 
is  the  hole  concentration,  e  is  the  charge  of  the  hole,  and 
fip  is  the  hole  mobility.  The  transference  number  for  oxy¬ 
gen  ions  has  been  calculated  from  experiment  to  be 
~  10-9,"  thus,  one  can  assume  that  all  of  the  current  is 
carried  by  electron  holes  and  not  oxygen  ions.  More  ela- 
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borate  models  which  also  account  for  simultaneous  n - 
type  conduction  or  hopping  polarons  have  been  reviewed 
(and  proposed)  by  Nowotny  el  al. 35  At  low  oxygen  con¬ 
centrations  (5~0. 7)  there  is  a  p-n  transition5  in  which 
the  dominant  charge  carriers  change  from  holes  to  elec¬ 
trons.  The  above  defect  equation,  however,  serves  as  a 
good  first  approximation  in  relating  the  effect  of  oxygen 
stoichiometry  S  to  the  electronic  resistance  behavior  of 
the  YBa2Cu307_6  material  under  normal  operating  con¬ 
ditions. 

Resistivity  values  for  YBa2Cu307_6  single  crystals  are 
highly  anisotropic  with  the  room  temperature  out-of- 
plane  resistivity  pc  being  30  (Ref.  24)  to  110  (Ref.  25) 
times  greater  at  room  temperature  than  the  in-plane 
resistivity  pab.  The  in-plane  resistivity  behavior  (pib)  is 
characteristically  metallic  with  a  linear  temperature 
dependence  from  Tc  to  500  °C  (Refs.  27  and  29)  and  a 
pA/pb  anisotropy  of  2. 2. 26  The  out-of-plane  resistivity 
(pc)  behavior  exhibits  characteristic  semiconducting  be¬ 
havior  with  a  negative  temperature  coefficient.23-25  Not 
surprisingly,  the  diffusion  of  oxygen  above  500  °C  in  sin¬ 
gle  crystals  is  also  found  to  be  highly  anisotropic27,36  due 
to  oxygen  vacancies,  required  for  oxygen  diffusion,  being 
localized  near  the  copper-oxygen  chains  in  both  the  a  and 
b  directions. 

Oxygen  diffusion  kinetics  determined  from  normal- 
state  electrical  measurements  have  been  reported  by  a 
number  of  groups.2-1  U4, 17-20  Surprisingly,  oxygen  in¬ 
diffusion  has  been  observed  to  occur  at  a  faster  rate  than 
oxygen  out-diffusion.2,  Il’14-17,  19  Oxygen  in-diffusion  was 
found  to  strongly  depend  on  5,  while  oxygen  out-diffusion 
was  independent  of  8. 217-20  Resistivity  is  generally 
linear  (metallic)  up  to  ~  300-400  °C  in  bulk  ceramics  (for 
example,  see  Ref.  2)  and  ~500  °C  (Refs.  27  and  29)  in  sin¬ 
gle  crystals.  Above  these  temperatures,  a  stronger  than 
linear  temperature  dependence  is  seen  in  the  resistance 
which  is  attributed  to  oxygen  out-diffusion.  The 
difference  between  these  onset  temperatures  for  single 
crystals  and  polycrystalline  ceramics  is  attributed  to  the 


FIG.  1.  Magnetic  susceptibility  of  an  as-grown  and  an  an¬ 
nealed  (14  days,  500  ”C  in  oxygen)  YBa:Cu,07  *  single-crystal; 
Tc  (onset)  is  90  K. 


lower  surface-area  to  volume  ratios  in  single  crystals.29 
The  increase  in  resistivity  upon  heating  may  not  only  be 
due  to  a  change  in  carrier  concentration  as  oxygen  leaves 
the  material,  but  may  be  due  to  either  a  temperature  or 
oxygen  concentration  dependence  of  the  mobility.  There¬ 
fore,  in  this  paper,  isothermal  resistance  measurements 
were  specifically  carried  out  so  that  any  temperature 
dependence  of  the  mobility  term  during  a  given  anneal 
could  be  neglected.  Also,  complete  oxidation  of  the  crys¬ 
tal  does  not  have  to  be  assumed  since  the  rate  of  oxygen 
out-diffusion  is  reported  to  be  independent  of  8. ,2- 17-20 

The  purpose  of  this  study  was  to  investigate  the  high- 
temperature  (590-720  °C)  isothermal  resistance  behavior 
of  a  YBa2Cu307_5  single  crystal  under  different  ambient 
conditions.  This  enabled  the  diffusion  kinetics  of  oxygen 
to  be  monitored  and  the  activation  energy  for  oxygen 
out-diffusion  to  be  calculated.  Hot-stage  optical  micros¬ 
copy  simultaneously  recorded  the  twin  patterns  allowing 
any  correlations  to  be  made  between  the  resistance 
characteristics  and  the  twin  behavior  near  the 
orthorhombic-tetragonal  phase  transformation. 


EXPERIMENTAL  PROCEDURE 
Sample  preparation 

Large  single  crystals  of  YBa2Cu307_6  were  grown  by  a 
self-flux  method  as  described  elsewhere.29  The  crystal 
chosen  for  resistance  measurements  was  rectangular  with 
dimensions  of  approximately  1X1.4X0.05  mm.3  Four- 
circle  x-ray  diffraction  on  a  representative  annealed  crys¬ 
tal  indicated  that  it  was  single  phase,  twinned,  and  had 
lattice  parameters  of  a  =  3. Cl 8  A,  b  =  3.886  A,  c  =  1 1.68 
A.  The  critical  temperature  Tc  (onset),  from  SQUID  sus¬ 
ceptibility  measurements,  was  determined  to  be  90  K  for 
a  crystal  annealed  for  14  days  in  oxygen  at  500  °C  (Fig. 
1).  The  twinned  state  and  surface  quality  of  the  crystals 
was  also  confirmed  by  optical  microscopy  using  reflected 
light  under  crossed  polars  (Fig.  2). 


FIG.  2.  Optical  micrograph  viewed  under  cross-polarized 
reflected  light  of  two  heavily  tw  inned  YBa;Cu,0-  ,,  crystals. 
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Resistance  measurements 

Electrical  resistance  measurements  were  nu  Je  by  a 
standard  ac  four-point  probe  method  in  the  hot-stage  of 
an  optical  microscope.  This  allowed  for  in  situ  observa¬ 
tions  of  twin  configurations  as  the  crystal  progressed 
through  the  orthorhombic-tetragonal  phase  transforma¬ 
tion.  A  constant  current  of  2  mA  (564  Hz)  was  supplied 
by  a  computer-controlled  Stanford  Research  Systems 
SR530  Lock-in  amplifier  with  a  resolution  of  10  nanovo¬ 
lts.  Four  gold  wire  leads  (2  mil)  were  attached  to  the 
corner  positions  of  an  (001)  surface  of  the  crystal  using 
silver  paste.  The  crystal  was  then  heated  to  650  °C, 
cooled  to  500  °C,  and  annealed  in  oxygen  for  12  lirs.  The 
electrodes  remained  ohmic  with  a  contact  resistance  of 
less  than  one  ohm  throughout  the  studies.  The  crystal 
was  placed  on  an  AljO^  disk  and  the  assembly  was  then 
mounted  in  the  hot-stage  optical  microscope.  A  commer¬ 
cial  scrubber  containing  phosphorus  pentoxide  was  used 
to  remove  water  vapor  from  the  ambient  gas,  which 
could  readily  by  cycled  between  reducing  (argon)  and  oxi¬ 
dizing  (100%  oxygen)  conditions.  All  measured  resis¬ 
tance  values  were  across  the  a-b  plane. 

Isothermal  resistance  experiments  were  carried  out  in 
both  oxygen  and  argon.  Isothermal  oxygen  out-diffusion 
was  monitored  by  annealing  the  crystal  in  argon  for  one 
hour  at  temperatures  of  590,  610,  630,  650,  670,  680,  690, 
700,  710,  and  720  °C.  These  temperatures  were  chosen  so 
that  the  crystal  would  be  driven  through  the  ortho¬ 
rhombic-tetragonal  transformation  in  all  but  the  7 1 0-°C 
and  720-°C  argon  anneals.  Prior  to  each  run,  the  crystal 
was  annealed  in  oxygen  for  4-10  hrs  at  the  desired  tem¬ 
perature.  The  length  of  this  anneal  was  determined  by 
monitoring  the  resistance  until  it  remained  constant  for 
at  least  one  hour.  (Fig.  3  illustrates  a  typical  resistance 
curve  for  oxygen  in-diffusion).  Due  to  the  long  times  re¬ 
quired  for  fully  oxygenating  large  single  crystals,  a  con¬ 
stant  resistance  does  not  necessarily  indicate  equilibrium 


Time  (min) 

FIG.  3.  Oxygen  in-diffusion  behavior  al  650  °C  after  the  crys¬ 
tal  was  annealed  for  one  hour  in  argon.  The  shape  of  the  curve 
suggests  that  oxygen  is  rapidly  adsorbed  into  the  crystal  edges 
which  then  act  as  a  barrier  to  further  oxygen  diffusion  into  the 
bulk  of  the  crystal.  Resistance  curves  of  this  type  were  used  to 
monitor  oxygen  uptake  prior  to  argon  anneals. 


has  been  attained,  but  instead  that  oxygen  diffusion  has 
become  extremely  slow.  Complete  oxygenation  of  the 
crystal  does  not  need  to  be  obtained,  however,  in  order  to 
measure  the  oxygen  out-diffusion  kinetics  since  the  later 
has  been  found  to  be  independent  of  6. 2,17-20  The  twin 
patterns  were  recorded  in  situ  on  an  optical  microscope 
with  a  photographic  record  system  in  order  to  monitor 
the  orthorhombic-tetragonal  transformation. 

RESULTS 

Estimates  of  the  time  required  for  oxygenation  were 
made  from  L2  =  4Dt  where  L  was  the  half-width  of  the 
crystal  in  the  a-b  direction,  D  the  diffusivity  calculated 
from  D  =£>0ex p(  —E/kT),  and  t  the  time.  Using  report¬ 
ed  values2  for  the  preexponential  coefficient  D0  =  0.035 
cm2/sec  and  activation  energy  for  oxygen  in-diffusion 
E  =  1.3  eV,  one  can  estimate  the  times  required  for  fully 
oxygenating  a  1-mm2  crystal.  These  range  from  approxi¬ 
mately  5  to  50  hr  between  720  *C  and  590  "C,  respective¬ 
ly.  Since  oxygen  out-diffusion  has  been  found  to  be  in¬ 
dependent  of  5, 2,17-20  complete  equilibrium  conditions 
(8  =  0)  are  not  necessary  at  the  onset  of  the  argon  anneal. 
Between  590  °C  and  700  °C,  the  structure  at  the  onset  of 
the  argon  anneals  was  orthorhombic  as  revealed  by  the 
characteristic  twin  structures  in  the  optical  microscope. 
Above  700  °C  no  twins  were  visible  and  the  starting 
structure  was  assumed  to  be  tetragonal. 

Experimental  data  for  a  typical  oxygen  out-diffusion 
isotherm  is  given  in  Fig.  4  for  a  crystal  annealed  for  1  h 
in  argon  at  650  °C.  Out-diffusion  isotherms  from  590  to 
720  °C  as  a  function  of  time  in  argon  are  illustrated  in 
Fig.  5.  After  an  initial  sharp  increase  in  resistance,  the 
isotherms  increased  linearly  for  the  remainder  of  the  1-hr 
anneal  time.  The  onset  of  linearity  did  not  correspond  to 
the  orthorhombic-tetragonal  phase  transformation  as  in¬ 
dicated  by  the  loss  of  twin  patterns.  The  total  resistance 
change  after  one  hour,  and  the  rate  of  resistance  change 
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FIG.  4.  Experimental  data  of  resistance  during  a  1-hr  argon 
anneal  at  650  °C  for  a  YBa:Cu,07  s  single  crystal.  After  an  ini¬ 
tial  rapid  increase,  the  resistance  increased  linearly  for  the  dura¬ 
tion  of  the  anneal.  This  linear  behavior  is  characteristic  of  sur¬ 
face  controlled  oxygen  out-diffusion. 
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TABLE  I.  Selected  data  from  isothermal  argon  anneals.  The  start  and  end  for  argon  anneals  is  indi¬ 
cated  by  to  and  if,  respectively.  The  total  resistance  change  after  a  1-hr  anneal  in  argon  was  found  to 
increase  with  temperature  as  expected.  The  change  in  resistance  as  a  function  of  time  (dAR  /dt)  is  tak¬ 
en  from  slopes  in  Fig.  5(b).  The  crystal  was  driven  through  the  orthorhombic-tetragonal  phase  trans¬ 
formation  by  oxygen  out-diffusion  at  most  of  the  temperatures,  but  no  anomalies  were  observed  in  the 
resistance  curves  (Fig.  5). _ _ 
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FIG.  5.  Resistance  change  (A R  ),  as  a  function  of  lime,  nor¬ 
malized  to  the  total  resistance  change  after  a  1-hr  argon  anneal 
at  720  “C  (A Rma„)  showing  (a)  the  initial  increase  in  resistance 
and  (b)  the  linear  resistance  behavior  of  the  oxygen  out-diffusion 
curves  observed  during  the  remainder  of  the  anneal.  Although 
the  orthorhombic-tetragonal  phase  transformation  occurred 
during  anneals  at  most  of  these  temperatures  (see  Table  I),  no 
significant  anomalies  were  observed  in  the  resistance  curves. 


in  the  linear  portion  of  the  isotherms,  are  listed  in  Table 
I.  The  initial  (f0)  and  final  (ty)  twin  states  at  each  tem¬ 
perature  were  recorded  by  optical  microscopy. 

The  dynamic  resistance  change  as  a  function  of  time  is 
introduced  by  a  method  proposed  by  Tu  et  al.2  and  is 
written  as 


d£±R 

-E 

dt 

=  B0exp 

kT 

where  R  is  resistance,  t  time,  B0  a  constant,  E  the  activa¬ 
tion  energy  for  oxygen  out-diffusion,  k  Boltzmann’s  con¬ 
stant,  and  T,  absolute  temperature.  An  Arrhenius-type 
plot  of  logl0(dAR  /dt),  taken  from  the  linear  regions  of 
Fig.  5,  as  a  function  of  reciprocal  temperature  gives  an 
activation  energy  for  oxygen  out -diffusion  of  i.2±0. 1  eV 
(Fig.  6). 


FIG.  6.  Arrhenius-type  plot  of  resistance  data  for  isothermal 
argon  anneals.  The  rate  of  resistance  change  (d(AR)/dr)  at 
each  temperature  was  obtained  from  the  slopes  of  Fig.  5(b)  (see 
Table  I).  The  activation  energy  for  oxygen  out-diffusion  was 
calculated  from  the  slope  to  be  1  2±0. 1  eV. 
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A  typical  oxygen  in-diffusion  isotherm  after  a  1-hr  ar¬ 
gon  anneal  at  650  'C  is  shown  in  Fig.  3.  Oxygen  is  rapid¬ 
ly  adsorbed  in  the  first  few  minutes  as  indicated  by  the 
rapid  decrease  in  resistance.  (Resistance  curves  similar  to 
Fig.  3  were  monitored  to  determine  the  length  of  the  oxy¬ 
gen  anneal  required  prior  to  each  isothermal  anneal  in  ar¬ 
gon.)  The  orthorhombic-tetragonal  transformation  was 
observed  to  occur  in  cross-polarized  light  in  all  but  the 
590-"C,  710-°C,  and  720-*C  heat  treatments  (Table  I).  At 
590  °C,  the  crystal  remained  orthorhombic  throughout 
the  anneal,  although  with  sufficient  time,  one  would  ex¬ 
pect  the  transformation  to  eventually  occur.21,22  At  710 
°C  and  720  °C  the  crystal  appeared  to  remain  in  the 
tetragonal  state  for  the  duration  of  the  anneal  (Table  I). 
Although  the  orthorhombic-tetragonal  transformation 
occurred  during  the  1-hr  argon  anneal  at  all  other  tem¬ 
peratures  (610-700  °C),  no  anomalies  in  the  resistance 
curves  were  observed  (Figs.  4  and  5). 

Twins  were  observed  to  fade  and  disappear  simultane¬ 
ously  across  the  entire  crystal  on  annealing  in  argon  (i.e., 
oxygen  out-diffusion).  Upon  oxidation,  however,  twin¬ 
ning  was  observed  to  first  nucleate  at  the  crystal  edges 
and  then  grow  stepwise  into  the  bulk.  This  indicated  that 
different  types  of  oxygen  diffusion  occurred  between  oxy¬ 
gen  in-diffusion  and  out-diffusion,  as  will  be  discussed  in 
the  following  section.  Twinning  behavior  of  this  type  was 
reported  earlier  by  the  authors  for  other  crystals.29 

DISCUSSION 
Oxygen  diffusion  kinetics 

The  initial  sharp  increase  in  resistance  on  annealing  in 
argon  (Fig.  4)  suggests  rapid  deoxygenation  at  crystal 
edges.  A  large  concentration  of  oxygen  vacancies  (8— ►  1 ) 
within  this  layer  (as  compared  with  the  bulk)  would  be 
expected.  Oxygen  must  then  diffuse  to  the  surface,  com¬ 
bine  into  molecular  oxygen,  and  desorb  from  the  crystal 
surface.  Since  diffusion  to  the  surface  is  rapid,2  the  layer 
controls  further  out-diffusion  of  oxygen  and  leads  to  a 
linear  resistance  behavior  (Figs.  4  and  5)  characteristic  of 
surface-controlled  reactions. 

Several  studies  have  observed  that  oxygen  in-diffusion 
is  much  faster  than  oxygen  out-diffusion,21114  17,19  which 
possibly  suggests  that  different  diffusion  mechanisms 
occur  for  both  processes.  A  plot  of  normalized  resistance 
versus  the  square  root  of  time  did  not  yield  a  linear  fit 
(Fig.  7)  as  reported  by  Fiory  et  al.21  This  further  sug¬ 
gests  that  oxygen  out-diffusion  is  not  diffusion  limited11,27 
but  is  indeed  surface-reaction  limited2,17, 19  The  calculat¬ 
ed  activation  energy  of  1.2±0. 1  eV  for  oxygen  out- 
diffusion  (Fig.  6)  is  substantially  lower  than  1.7+0. 1  eV 
calculated  for  bulk  ceramics.2,17, 19  This  difference  is  at¬ 
tributed  primarily  to  the  highly  anisotropic  nature  of  ox¬ 
ygen  diffusion  in  tTie  material,  with  diffusivities  several 
orders  of  magnitude  smaller  in  the  out-of-plane  (c  axis) 
than  in  the  in-plane  (a-b  axes)  directions.36  A  bulk 
ceramic  material  with  randomly  oriented  grains  would  be 
expected  to  have  a  higher  activation  energy  for  oxygen 
out-diffusion.  Studies  on  grain-oriented  bulk  ceramics 
would  help  to  resolve  this  issue. 


FIG.  7.  Resistance  vs  square  root  of  time  for  a  1-hr  argon  an¬ 
neal  at  710  °C.  The  nonlinear  behavior  indicates  lack  of  compli¬ 
ance  with  diffusion-controlled  oxygen  out-diffusion  from  single 
crystal  YBa2Cu,07-(,. 


The  sudden  decrease  in  resistance  in  Fig.  3  corresponds 
to  a  rapid  indiffusion  of  oxygen  and  can  be  explained  by 
the  rapid  formation  of  a  surface  layer  with  high  oxygen 
content.  This  layer  coarsens  with  time  and  impedes  fur¬ 
ther  indiffusion  of  oxygen  into  the  bulk.  Measured  ac¬ 
tivation  energies  for  oxygen  indiffusion  as  a  function  of 
oxygen  concentration  range  from  0.38  eV  at  8  =  0.4- 1.3 
eV  at  8  =  0. 2,17  This  difference  is  most  likely  due  to  a  de¬ 
crease  in  oxygen  vacancies  required  for  oxygen  diffusion 
and,  possibly,  to  the  increase  in  oxygen  ordering,  as  8  ap¬ 
proaches  zero.  The  long  times  required  to  obtain  fully 
oxygenated  single  crystals  prohibits  the  ready  calculation 
of  oxygen  in-diffusion  kinetics  which  strongly  depend  on 
8. 

Orthorhombic-tetragonal  phase  transformation 

The  lack  of  any  anomalous  behavior  near  the  ortho- 
rhombic-tetragonal  transformation  in  the  resistance 
curves  in  Figs.  4  or  5  for  single  crystal  YBa2Cu,07_&  sug¬ 
gests  that  the  resistance  anomalies  observed  by  others2  - 1 1 
in  bulk  ceramics  may  not  be  intrinsic,  but  instead  may  be 
due  to  extrinsic  factors  like  grain-boundary  strain  which 
accompanies  the  change  in  symmetry  at  the  transforma¬ 
tion.  This  may  spatially  alter  local  grain  boundary  struc¬ 
tures  which  could  alter  the  conductivity  characteristics  in 
the  sample.  Also,  impurities  or  additional  phases,  which 
often  segregate  to  grain  boundaries,  may  contribute  to 
anomalous  measurements.  Anomalies  in  resistance, 
which  were  attributed  to  twin  boundary  kinetics,  have 
been  observed  previously  by  the  authors29  in  single  crys¬ 
tal  YBa2Cu,07_6  through  the  use  of  more  sensitive  probe 
configurations  than  the  ones  used  in  the  present  study. 

Since  oxygen  in-diffusion  is  relatively  rapid  and 
diffusion  controlled,  one  expects  a  nonuniform  concentra¬ 
tion  profile  across  the  crystal.2, 19  The  tetragonal- 
orthorhombic  phase  transformation  would  then  first 
occur  in  regions  where  8~0. 5  (i.e.,  near  the  crystal 
edges).  This  would  nucleate  twin  boundaries  which  have 
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been  observed  to  extend  into  regions  of  6  >  0. 5  as  report¬ 
ed  by  Shi.32  The  twin  boundaries,  however,  were  not  ob¬ 
served  to  advance  into  the  crystal  at  a  steady  rate,  but 
spontaneously  appeared  in  an  almost  stepwise  fashion  to¬ 
ward  the  center  over  a  period  of  time.  On  the  otherhand, 
the  out-diffusion  of  oxygen  is  surface-reaction  controlled, 
so  one  expects  a  constant  oxygen  concentration  profile 
across  the  crystal  except  at  the  edges.  Thus,  as  5  ap¬ 
proached  0.5,  twinning  would  simultaneously  disappear 
across  the  entire  sample.  There  would  be  no  stepwise 
disappearance  of  twins.  The  authors  have  previously  ob¬ 
served29  a  gradual  loss  of  twinning  across  the  entire  crys¬ 
tal  upon  dynamic  heating  in  argon.  Retwinning,  on  the 
other  hand,  has  been  observed  to  nucleate  at  crystal  edges 
and  grow  stepwise  toward  the  center  of  the  crystal.  This 
lends  support  to  Shi’s  model32  of  a  martensitic-shear 
transformation,  which  forms  the  twin  boundaries,  fol¬ 
lowed  by  the  further  diffusion  of  oxygen  into  the  sample 
which  coarsens  the  orthorhombic  phase  and  nucleates 
other  twin  regions.  Since  this  type  of  twinning  behavior 
has  not  been  unambiguously  seen  in  all  crystals  that  the 
authors  have  studied,  further  work  is  needed  to  clarify 
the  model. 

CONCLUSION 

In  conclusion,  oxygen  out-diffusion  in  single  crystal 
YBa2CUj07_6  was  found  to  be  surface-reaction  limited  as 
shown  by  the  linear  behavior  of  resistance  with  time  dur¬ 
ing  isothermal  argon  anneals.  The  activation  energy  for 


oxygen  out-diffusion  was  calculated  to  be  1.2±0. 1  eV 
which  is  lower  than  the  value  reported  for  polycrystalline 
YBa2Cu307^s.  This  difference  is  attributed  to  the  highly 
anisotropic  nature  of  oxygen  diffusion  in  the  material. 
Differences  in  observed  twin  patterns  upon  cycling 
through  the  orthorhombic-tetragonal  phase  transforma¬ 
tion  were  attributed  to  the  different  mechanisms  of  oxy¬ 
gen  in-diffusion  and  out-diffusion.  (In-diffusion  is 
diffusion  controlled  and  out-diffusion  is  surface-reaction 
limited.)  No  anomalous  resistance  behavior  was  observed 
near  the  orthorhombic-tetragonal  transformation  which 
suggests  that  observed  anomalies  in  the  literature  may 
not  be  intrinsic  to  YBa2Cu307_s,  but  may  be  due  to  im¬ 
purities  or  additional  phases  at  grain  boundaries  or  to  re¬ 
sidual  stresses  at  grain  boundaries  resulting  from  trans¬ 
formational  strain. 
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PHASE  TRANSFORMATIONS  IN  CERAMICS 
W.  M.  Kriven 

Department  of  Materials  Science  and  Engineering,  University  of  Illinois  at  Urbana-Champaign, 
Urbana,  Illinois,  61801 

The  study  of  phase  transformations  in  ceramic  has  received  limited  coverage  in  ceramic  text  bodes1, 
other  than  for  example,  ferroelectric  transformations,  (e.g.,  in  barium  titanate),  ziiconia  and  amorphous 
to  crystalline  transformations  in  glass.  While  Newnham2  has  comprehensively  reviewed  die  crystal 
chemistry  of  “ferroic”  (ferroelectric,  ferroelastic  or  ferromagnetic)  ceramics,  the  success  of 
“transformation  toughening”  as  a  mechanism  for  reducing  fee  brittleness  of  ceramics  has  stimulated 
fee  search  for  other  potential  transformation  tough eners  alternative  to  zirconia.3 

While  phase  transformations  have  been  widely  studied  in  metals  over  the  past  SO  years,  caution  needs 
to  be  exercized  in  transplanting  conventional  wisdom  from  metals  to  ceramics.  The  differences  in 
bonding  in  ceramics  (  (:  .  xed  covalent  and  ionic  ),  can  lead  to  profound  differences  in  crystal 
structures  and  transformation  mechanisms.  An  alternative  approach  which  has  been  particularly  helpful 
in  our  work  is  that  of  Hyde  et  al.,4*5  which  empasizes  cation  arrangements,  into  fee  interstices  of 
which,  fee  anions  are  inserted,  rather  than  fee  inverse  perspective  of  putting  cations  into  a  packed 
anion  array.  The  aim  of  this  abstract  is  to  list  known  examples  of  non-perovskite  -  type  transformations 
which  generally  have  significant  volume  and/or  unit  cell  shape  changes  (Table  1). 

Judicious  use  of  such  transformations  in  ceramic  composites  may  have  beneficial  effects  on  the 
mechanical  properties  of  composites.  Alternatively,  a  better  understanding  of  fee  precise 
crystallography  of  fee  transformation  mechanisms  may  lead  to  their  application  as  new  types  of  large- 
force  actuator  materials.  When  coupled  wife  conventional  perovskite  transformations  currently  used  in 
“smart”  or  adaptive  ceramics  they  could  produce  a  more  powerful  mechanical  response.  In  fee  case  of 
martensitic  transformations  which  proceed  wife  fee  speed  of  sound,  fee  response  times  are  comparable 
wife  current  sensor  and  actuator  materials. 

In  addition  to  those  compounds  listed  in  Table  1 ,  other  repents  of  displacive  phase  transformations  in 
ceramics  include:  a  tetragonal  to  monoclinic-like  transformation  in  zircon  (ZiSiOa)  on  heating  at 
827  °C;6  a  p  — » y  transformation  in  U3PO4  at  *>340°C7;  a  monoclinic  to  rhombohedral  transformation 
in  fee  NaSiCON  type,  LiSn2(P04)48;  as  well  as  transformations  in  aluminium  titanate  (A^TiOs), 
barium  orthotitanate  (Ba2Ti04)  mod  cerium  pyrosilicate  (CeSiOa). 
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Table  1.  Examples  of  First  Order  Displacive  Transformations  In  Ceramics 


Compound 

Crystal 

Symmetries 

Volume 
Change  (AV) 

Unit  Cell 
Shape 

CbaogeO 

da  00  CWliag) 

Z1O2 

tetragonal— > 

monoclinic 

950 

(+)4.9% 

(R.T.) 

. '9  ' 

Ln203 

(type) 

monoclinic-4 

cubic 

600-2200 

(4)10% 

10 

Ca2Si04 

(K2S04-type) 

monoclinic-4 

orthorhombic 

490 

(4)12% 

Sr2Si04 

(K2S04-type) 

orthorhombic  — > 

monoclinic 

90 

0.2% 

2 

NiS 

rhombohedral 

-4  hexagonal 

379 

(4)4% 

~ 

2Tb203*Al203 

(type) 

orthorhombic  -> 

monoclinic 

1070 

(4)0.67% 

18.83 

PbTi03 

cubic-4 

tetragom.1 

445 

(4)1% 

0 

KNb03 

tetragonal  -4 

orthorhombic 

225 

~0% 

0 

LuB03 

hexagonal  —> 

rhombohedral 

1310 

(4)8% 

~ 

MgSi03 

(CaSi03-type) 

(FeSi03-type) 

orthorhombic  —» 

monoclinic 

865 

(-)5.5% 

18.3 

YNb04 

(LnNb04-type) 

tetragonal  -4 

monoclinic 

900 

(-)  1.8% 

! 

4.53 

LnB03(type) 

hexagonal  -4 

hexagonal 

550-800 

(-)8.2% 
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The  study  of  phase  transformations  in  ceramics  has  received  limited 
attention,  other  than,  for  example,  ferroelectric  transformations  (e.g.,  barium 
titanate),  zirconia  and  amorphous  to  crystalline  transformations  in  glass.  The 
success  of  "transformation  toughening"  as  a  mechanism  for  reducing  the 
brittleness  of  ceramics  has  stimulated  interest  in  transformations  involving  non- 
perovskite  crystal  structures.  However,  while  phase  transformations  have  been 
widely  studied  in  metals  over  the  past  50  years,  caution  needs  to  be  exercized  in 
transplanting  conventional  wisdom  from  metals  to  ceramics.  The  differences  in 
bonding  in  ceramics,  being  mixed  covalent  and  ionic,  can  lead  to  profound 
differences  in  crystal  structures  and  transformation  mechanisms.  An  alternative 
approach  of  Hyde  et  al.  which  has  found  to  be  helpful,  is  to  focus  on  cation 
arrangements  (derived  from  metals  or  intermetallics),  into  the  interstices  of 
which,  anions  (e.g.  oxygen)  are  inserted.  Complex  structures  can  be  visualized  as 
groupings  of  flexible  or  rigidly  bound  polyhedra. 

The  state  of  knowledge  on  known,  non-perovskite  transformations  which 
generally  have  significant  volume  (both  positive  and  negative)  and /  or  unit  cell 
shape  changes  will  be  presented.  Documented  cases  of  martensitic 
transformation  mechanisms  in  ceramics  will  be  discussed.  Quantitative  examples 
of  ferroelastic  transformations  will  be  reviewed,  while  displacive  transformations 
exhibiting  martensitic  characteristics  will  be  summarized. 
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Introduction 


According  to  the  comprehensive  treatise  of  Cahn[l],  twins  may  be  classified  into  three 
types:  (1)  Growth  twins  which  can  produce  a  variety  of  configurations  depending  on  the 
chemistry,  crystallography  and  conditions  of  the  growth  process.  (2)  Thermal  and 
transformation  twins  which  are  formed  in  the  solid  state  within  one  crystal  structure,  or 
during  the  change  from  one  crystal  structure  to  another.  In  both  cases,  they  are  a  response 
to  a  change  in  the  thermal  environment  of  the  crystal  .  (3)  Mechanical  twins  which  on  the 
other  hand,  are  a  response  to  an  applied  stress  or  strain,  giving  rise  to  deformation 
accommodation.  While  (2)  and  (3)  are  intimately  related,  it  is  worthwile  to  keep  in  mind 
that  transformation  twins  involve  a  change  in  crystal  structure. 

In  the  case  of  a  transformation  from  high  symmetry  to  lower  symmetry,  a  mirror  plane  in 
the  parent  often  becomes  a  twin  plane  in  the  product  due  to  loss  of  a  symmetry  element. 
These  then,  are  natural  candidates  to  become  transformation  twins  in  the  product.  For 
example,  in  the  case  of  a  martensitic  mechanism,  these  could  be  lattice  invariant  shear 
(LIS)  twin  systems[2].  An  alternative  way  to  produce  transformation  twins  is  by  the 
generation  of  “symmetry  equivalent  options”  which  are  apparently  twin  related  in  the 
product  phase,  if  the  product  phase  has  sufficiently  high  symmetry.  For  example,  in  the 
cubic  to  tetagonal  transfomation  in  perovskites,  such  as  barium  titanate  (BaTi03),  the 
three  crystallographically  equivalent  [a]c  axes  become  the  six  physically  distinguishable 
[c]t  axes  (considering  +  and  -  polarizing  directions).  This  leads  to  domains  in  the  product 
phase  which  may  happen  to  lie  in  apparent  twin  orientation  to  one  another  in  the  product 
phase.  A  similar  example  in  mineralogy  is  the  cubic  to  tetragonal  transformation  in 
leucite  (KAlSi06)[3.J 

Related  to  symmetry  equivalent  options  and  martensitic  crystallography,  it  is  possible  for 
twin  related  variants  to  arise,  which  in  themselves  have  undergone  LIS  slip  or  twinning. 
In  the  latter  case,  each  variant  is  internally  twinned.  Basinski  and  Christian[4]  analyzed 
such  a  configuration  where  variants  share  a  common  habit  plane  but  have  opposite  shape 
changes,  thereby  avoiding  accumulation  of  long  range  stress  fields.  The  path  to  shape 
memory  crystallography [5, 6]  is  then  clear,  where  cooperative  configurations  of  twin 
related  variants  whose  net  macroscopic  shape  change  is  minimized  or  zero. 

The  difference  between  transformation  twins  and  mechanical  deformation  twins  has 
clearly  been  illustrated  by  Bimbaum  and  Read[7-ll]  in  the  case  of  AuCd  metal  alloys 
undergoing  a  (3  (bcc)  to  P'  (orthorhombic,  space  group  D2)  or  p"  (tetragonal,  point  group 
4/m,  m,  m)  structures.  LIS  transformation  twinning  occurred  on  (1 1  l)p-  and  (Oil )p  ",  and 
these  could  be  made  to  move  under  an  applied  stress[8].  No  yield  point  was  observed  for 
the  transformation  twin  boundary  motion.  On  release  of  the  stressing  load,  the  twin 
boundaries  moved  back  to  their  original  positions,  thus  behaving  “pseudo-elastically” 
under  an  applied  stress.  After  a  relatively  high  value  of  yield  stress  of  the  order  of  108  - 
109  dynes  cm'2,  however,  mechanical  twins  of  the  type  (lll)p'  were  formed, 
accompanied  by  a  sharp  drop  in  load  and  audible  clicking[7,9].  They  replaced  regions  of 
the  LIS  transformation  twins  and  increased  in  width  and  number  as  the  stressing  load  was 
further  increased.  On  gradual  release  of  applied  stress  the  mechanical  twins  disappeared 
suddenly,  again  accompanied  by  audible  clicks  and  sharp  increases  in  load.  Similar  twin 
boundary  motion  under  an  applied  load  has  also  been  observed  in  metallic  hydrides[l  1]. 


The  aim  of  this  paper  is  to  review  the  occurrence  of  the  different  types  of 
twinning  in  ceramics,  in  particular  those  associated  with  the  mechanical  behavior  of 
structural  ceramics.  In  this  context,  ferroelasticity  and  ferroelastic  transformations  are  of 
interest.  Ferroelastic  domain  switching  has  been  demonstrated  to  be  a  toughening 
mechanism  in  ceramics,  while  ferroelastic  transformations  can  lead  to  ferroelasticity,  as 
well  as  involve  significant  spontaneous  strains  which  can  be  stored  in  ceramic 
microstructures. 


Ferroelasticity  and  Ferroelastic  Transformations 

Ferroelasticity  can  be  more  easily  understood  in  the  context  of  the  more  familiar 
phenomena  of  ferroelectricity  and  ferromagnetism  (figure  1).  Ferroic  crystals  in  general 
are  those  which  contain  two  or  more  orientation  states  or  domains  which  can  be  switched 
by  the  application  of  suitable  force  or  field[3].  Ferroelectric  materials  exhibit  a  hysteresis 
curve  (figure  la)  in  which  there  is  a  spontaneous  polarization  (Pi)  in  the  absence  of  an 
applied  electric  field.  This  is  known  as  “poling”  and  results  in  alignment  of  polar  domains 
in  the  direction  of  the  polarizing  field.  Similarly,  in  ferromagnetic  materials,  a 
spontaneous  residual  magnetization  (Mj)  is  formed  on  application  of  a  suitably  coercive 
magnetic  field  (figure  lb).  Aizu[12]  introduced  the  term  “ferroelasticity”  to  describe  the 
mechanical  analogue  which  gives  a  hysteresis  loop  between  strain  and  applied  stress 

(figure  I  c).  A  coercive  stress  (ac)  induces  a  spontaneous  strain  (Ei),  which  defines  the 
deformation  of  a  crystal  at  zero  stress,  relative  to  a  prototypic  structure.  Specifically, 
Aizu[12]  defined  ferroelasticity  as: 

“A  crystal  is  said  to  be  ferroelastic,  when  it  has  two  more  (orientation)  states  in 
the  absence  of  mechanical  stress  and  can  be  shifted  from  one  to  another  of  these 
states  by  a  mechanical  stress;  here  any  two  of  the  states  are  identical  or 
enantiomorphous  in  crystal  structure  and  different  with  respect  to  mechanical 
strain  tensor  at  null  stress.” 

Unfortunately,  it  has  been  pointed  out  by  Lieberman  [13]  that  ferroelasticity  may  be  a 
misnomer  in  the  sense  that  the  spontaneous  strain  induced  by  the  coercive  stress  in  not 
trully  “elastic.”  On  the  contrary,  the  behavior  is  more  plastic  in  nature.  However  since 
ferroelasticity,  as  defined  above,  has  been  the  currently  accepted  terminology  for  the  past 
twenty  five  years[14-16],  new  terminology  will  not  be  introduced  here. 


Figure  1  - 


Comparison  of  hysteresis  curves  for  ferroic  materials 


Ferroelastic  crystals  differ  from  ferroelectric  or  ferromagnetic  crystals  in  that  they  do  not 
require  a  non-centrosymmetric  point  group.  However,  spontaneous  strain  must  be  defined 
relative  to  a  higher  symmetry  structure  known  as  a  prototype  which  contains  all  of  the 
point  group  symmetry  elements  belonging  to  the  ferroic  crystal[17],  Ferroelastic  crystals 
have  a  group  — »  subgroup  relationship  with  the  prototypic  structure. 

A  ferroelastic  transformation  involves  a  transformation  from  a  prototypic  structure  to  a 
ferroic  subgroup  structure  which  has  a  decrease  in  point  group  symmetry.  The 
transformation  also  involves  a  change  in  crystal  system  according  to  the  commonly 
accepted  definition  of  Wadhawan[16].  It  is  interesting  to  note  that  a  phase  corresponding 
to  the  structure  of  the  prototype  need  not  actually  exist.  In  some  cases  the  crystal  melts  or 
decomposes  before  the  prototypic  phase  becomes  stable.  A  sequence  of  ferroic  phases 
may  be  traced  back  to  the  same  prototype,  but  one  ferroic  phase  cannot  be  the  prototype 
for  another  ferroic  phase.  An  example  of  this  is  seen  in  dicalcium  silicate  (CaSi04)  where 
there  are  two  sequential  ferroelastic  transformations[  1 8],  The  first  phase  to  appear  from 
the  melt  (a)  has  hexagonal  symmetry  which  transforms  ferroelastically  to  orthorhombic 
a'  phase  at  1425°C.  At  675°C,  a  second  ferroelastic  transformation  occurs  between  the 
orthorhombic  a'  and  monoclinic  (3  phase.  The  high  temperature  hexagonal  a  phase  in  this 
example  is  prototypic  to  both  of  the  ferroic  a 'and  (3  phases. 

Domains  and  Domain  Switching 

A  domain  is  a  contiguous  region  of  a  crystal  which  has  the  same  orientation  state.  They 
are  derived  from  symmetry  related  options  in  the  parent  phase.  A  crystal  or  grain  is  able 
to  minimize  its  energy  by  developing  a  domain  structure  containing  an  optimum  number 
and  orientation  of  domains.  When  an  external  stress  is  applied,  the  crystal  reorients  itself 
through  domain  wall  movement  so  as  to  minimize  its  free  energy[16].  This  process  of 
domain  switching  is  one  where  a  compressive  stress  on  a  crystal  makes  one  domain  (Si) 
more  energetically  favorable  to  another  (S2).  The  domain  wall  between  them  moves  so  as 
to  better  accommodate  the  strain  and  lower  the  free  energy  of  the  crystal.  The  generation 
of  symmetry  equivalent  options  and  domain  switching  is  schematically  drawn  in  figures  2 
and  3. 


Figure  2  -  Generation  of  ferroic  domains  from  symmetry  equivalent  options  of  the  parent 
crystal  structure.  E.g.,  tetragonal  domains  derived  from  cubic  Z1O2,  or  BaTiC>3. 


Figure  3  -  A  compressive  stress  applied  along  the  [c]t  axis  converts  the  [c]t  axis  of 
domain  S2  into  the  [a]t  axes  of  domains  Si  and  S3. 

Ferroelastic  domain  switching  in  K2SC>4-type  inorganic  crystals  (including  K.2SeC>4, 
NH4SO4  and  NFUBeF4)  has  been  studied  and  reviewed  by  Shiozaki  et  al .  [  1 9] .  The  high 
temperature  hexagonal  (I)  prototype  produced  three  orthorhombic  domains,  related  as 
shown  in  the  [c]i  //  [c}n  projection  of  Figure  6.  The  transformation  occurred  at  587°C, 
producing  120°  twins  on  (011)n  and  (03 1  )n  twin  planes.  Shiozaki  et  al.[19]  grew  single 
domain  crystals  of  K2SO4  and  denoted  them  as  domain  I.  They  compressed  them  in  a 
direction  corresponding  to  the  [b]i  direction  in  figure  4.  When  an  external  stress  was 
applied  at  room  temperature,  no  other  twinned  domains  were  formed  and  the  crystals 
fractured.  However,  when  an  external  stress  was  applied  at  300°C  or  above,  new  domains 
(II  and  III  of  figure  6)  appeared  at  the  crystal  edges  and  moved  through  the  crystals.  The 
higher  the  temperature,  the  smaller  was  the  critical  stress  (Xc)  required  to  nucleate  the 
new  domains.  For  example  at  350°C,  Xc  was  ~50  kgw  cm-2,  while  at  470°C,  it  was  only 
~10  kgw  cm'2.  The  observations  in  K2S04-type  inorganic  compounds  therefore,  indicate 
that  ferroelastic  domain  switching  is  a  viable  way  to  avoid  fracture  in  ceramics  at  high 
temperatures. 


Figure  4  -  The  three  ferroelastic  domains  of  orthorhombic  K.2SO4  derived  from  the 
hexagonal  prototype,  both  in  [c]  axis  projections,  after  Shiozaki  et  al.[19]. 


Ferroelastic  Domain  Switching  as  a  Toughening  Mechanism 

The  mechanical  properties  of  PZT  and  BaTiC>3  were  examined  by  Pohanka  et  al. [20-23] 
and  the  ferroic  tetragonal  phases  were  seen  to  have  higher  fracture  energy  and  hence 
toughness  that  the  cubic  para  phases.  Toughening  mechanisms  were  attributed  to 
microcracking  ,  ferroelstic  twinning  and  twin  all  motion.  Pisarenko,  Cushko  and 
Kovalev[21]  recognized  the  toughening  effect  of  stress-induced  domain  reorientation 
near  a  crack  tip  in  piezoelectric  ceramics  of  lead  zirconate  titanate  (PZT)  and  barium 
titanate.  They  reasoned  that  the  poling  of  ferroelectric  domains  was  also  coupled  with  a 
resultant  elastic  anisoptropy  which  should  give  rise  to  fracture  toughness  anisotropy,  as 
was  observed.  Virkar  and  Matsumoto  [21-25]  developed  the  phenomenon  of  ferroelastic 
domain  switching  as  a  toughening  mechanism  for  non  electrical  ceramics,  and 
demonstrated  it  in  tetragonal  zirconia  ceramics  [21-28].  They  pointed  out  that  the  area 
enclosed  by  the  hystersis  loop  represented  the  mechanical  energy  dissipated  in  a  single 
cycle[2 1  ].  In  zirconia,  ferroelastic  domains  appeared  during  the  cubic  to  tetragonal 
transformation  at  ~2200°C,  where  [c]  axes  were  elongated  relative  to  [a]  axes,  by  an 
amount  depending  on  the  composition  of  CeC>2,  Y2O3  or  other  stabilizer  added,  and 
hence  on  lattice  parameters.  It  was  hypothesized  that  during  grinding  of  a  polycrystalline 
pellet,  some  domains  were  oriented  such  that  the  applied  tensile  stress  would  stretch  the 
[a]t  axes  into  [c]t  axes,  while  other  domains  were  oriented  such  that  a  compressive  stress 
along  [c]t  axes  converted  them  into  [a]t  axes.  Thus  rotations  of  axes  by  90°  were  effected. 

Experimentally  observations  by  X-ray  diffractometry  were  made  on  CeC>2  or  Y2O3  doped 
zirconia  polycrystalline  pellets[2 1 -24]  as  well  as  pseudo  (twinned)  single  crystals 
transformed  from  the  cubic  phase[25,26].  The  domain  switching  phenomenon  was 
detected  under  application  of  grinding,  tensile  (~400MPa)  or  compressive  stresses.  The 
change  in  texture  as  seen  by  XRD  is  schematically  illustrated  in  Fig.  5  (after  ref  21). 
Systematic  uniaxial  compression  experiments  on  3  mol  %  Y2O3  doped  Z1O2  (3Y-TZP) 
pseudo  single  crystals  coupled  with  Vickers  indentations  and  TEM  dark  fielding 
experiments  were  unequivocally  able  to  confirm  ferroelastic  domain  switching  as  a 
toughening  mechanism[26].  A  particularly  clear  demonstration  of  this  was  provided  by 
Vickers  indentation  tests  on  mechanically  poled,  pseudo  single  crystal  samples  of  3Y- 
TZP  and  of  gadolinium  molybdate  (GMO)[26-28],  In  PSZ  for  example[28],  a 
compressive  load  tended  to  align  [c]t  axes  in  a  plane  perpendicular  to  the  coercive  force 
as  schematically  depicted  in  figure  6.  During  subsequent  indentation,  the  [c]t  axis 
domains  parallel  to  the  crack  surfaces  reoriented  themselves  to  be  perpendicular  to  the 
crack  surfaces.  This  crack  energy  dissipating  mechanism  by  domain  reorientation  gave  an 
apparent  higher  toughness  (shorter  cracks)  in  this  direction  as  compared  to  the  other 
radial  crack  direction  (longer  cracks). 

In  GMO  (Gd2(MoC>4)3)  single  crystal  specimens  polished  on  (100),  (010)  and  (001) 
faces,  domain  walls  were  of  the  {110}  type  [28].  The  cubic  to  orthorhombic  (5'  phase 
tranformation  occured  at  159°C,  where  the  [a]p-  axis  was  slightly  shorter  than  the  [b]p- 
axis.  Vickers  indentations  were  introduced  under  a  200g  load,  so  that  radial  cracks  would 
be  aligned  along  [a]p-  and  [b]p-  directions  in  the  ferroelastic  product  phase.  From  the 
geometry  of  a  mode  I  crack,  it  was  anticipated  that  tensile  stresses  would  emanate  in  a 
direction  perpendicular  to  the  crack  plane.  Any  [a]p'  axes  experiencing  the  tensile  stresses 
were  expected  to  reorient  to  become  the  longer  [b]p-  axes.  Such  a  domain  switching 
process  would  cost  energy  from  the  crack,  giving  an  apparent  higher  toughness  in  this 


direction.  Experimentally,  the  indentation  toughnesses  measured  from  crack  lengths  were 
measured  to  be  ~1.2  MPa  m'1/2  for  cracks  propagating  along  the  [b]p'  axis,  and  ~0.42 
MPa  nr1/2  for  cracks  propagating  along  the  [a]p-  axis.  Thus,  cracks  propagating  along  the 
[b]p-  axis  had  a  tensile  stress  in  the  [a]p-  axis  direction  of  the  specimen,  causing  domain 
reorientation  to  align  the  longer  [b]p-  axes  to  the  stress  field,  thereby  giving  a  higher 
toughness  value.  Conversely,  cracks  propagating  along  the  [a]p-  axis  had  tensile  forces  in 
the  [b]p'  axes  of  the  specimen  which  were  already  in  the  optimum  orientation  and  so  did 
not  dissipated  any  crack  energy,  giving  rise  to  a  lower  toughness  in  that  direction.  The 
K.ic  of  radial  cracks  placed  along  <1 10>p-  directions  was  0.55  MPa  rrr1/2  consistent  with 
the  the  expectance  of  no  ferroelastic  switching.  Similar  behavior  was  expected  in  the 
chemically  analogous  terbium  molybdate  (TMO  or  Tb2(MoC>4)3)  and  dysprosium 
molybdate  (DMO  or  Dy2(Mo04)3).  The  indentation  fracture  toughness  of  hot  pressed 
polycrystalline  TMO  and  DMO  pellets  of  grain  size  ~6  pm  was  measured  as  a  funtion  of 
temperature  up  to  300°C.  It  was  observed  that  the  toughness  gradually  decreased  from 
room  temperature  to  the  Curie  (transformation)  temperature  of  ~160°C,  and  remained 
essentially  constant  in  the  high  temperature  cubic  phase.  The  room  temperature  toughness 
was  approximatedly  twice  that  of  the  high  temperature  cubic  phase  where  no  ferroelastic 
activity  was  possible. 


Bulk  fracture  toughness  measurements  were  made  on  3Y-TZP  to  compare  the  ferroelastic 
materials  with  fully  doped  cubic  ZrC>2.  The  toughnesses  of  Y2O3  doped  Zr(>2  pseudo 
single  crystals  at  1200°C  and  room  temperature  were  ~12  and  ~8  MPa.m1/2 
respectively[24],  while  polycrystalline  samples  typically  had  toughness  values  of  ~7.7 
MPa.m1/2.  In  comparison,  fully  doped  cubic  ZrC>2  pellets  had  a  toughness  of  2.4 
MPa.m1/2  Thus  for  comparable  polycrystalline  specimens,  a  threefold  increase  in 
toughness  was  realizable.  The  ferroelastic  toughening  effect  was  also  demonstrated  in 
lead  zirconate  titanate  (PZT)  having  a  Zr:Ti  ratio  of  0.54:0.46,  where  tetragonal  domains 
(with  c/a  =  1.019)  were  produced  from  the  high  temperature  cubic  phase[26].  At  room 


temperature  the  tetragonal  toughness  was  measured  as  1.85  MPa.m1/2,  while  the  cubic 
high  temperature  toughness  was  only  1 .0  MPa  m,/2. 

A  theoretical  formulation  was  developed  to  predict  the  ferroelastic  contribution  to  the 
toughness[24-27]  in  which: 


Kc  =  Kc° 


where 


Kc°  =  fracture  tughness  in  absence  of  ferroelasticity 
£s  =  switching  strain 
=  coercive  stress 
=  Elastic  modulus 
=  Poisson’s  ratio  ~  0.25 


This  equation  predicted  a  Kjc  for  3  mole  %  Y2O3  stabilized  Zr02  of  6.1  MPa.m,/2  as 
compared  to  the  7.7  MPa.m1/2  measured  for  this  material.  Ferroelastic  toughening  has 
also  been  demonstrated  in  bismuth  vanadate  (BiV(>4)  [29].  Single  crystals  showed 
domain  nucleation  and  propagation  under  compressive  loading,  and  domain  generation 
during  fracture,  the  latter  leading  to  R-curve  behavior. 

Ceramic  Examples  with  Non-Orthogonal  Symmetry 
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Abstract — Self-consistent  field  calculations  are  systematically  carried  out  for  common  metals  Cr,  Mn,  Fe, 
Co,  Ni,  Cu  and  Zn  atoms  and  ions  in  order  to  understand  the  ^-absorption  edge  and  its  chemical  shift. 
It  is  found  that:  (1)  a  transition  state  introduced  by  Slater  is  very  useful  to  predict  the  absorption  edge 
energy;  (2)  there  is  a  linear  correlation  between  the  absorption  edge  chemical  shift  and  the  cation  charge 
of  a  crystal;  and  (3)  the  present  model  is  applicable  to  ionic  bonded  crystals  but  is  not  very  good  for 
covalent  ones. 

Keywords:  Af-absorption  edge,  chemical  shift,  common  metals,  self-consistent  calculation. 


INTRODUCTION 

It  is  well  known  that  the  energy  of  the  Af-absorption 
edge  of  an  element  depends  on  the  degree  of  ionicity 
of  that  element  and  its  local  structure.  One  of  the 
authors  (HQ  has  previously  measured  [1]  the  positions 
of  AT -absorption  edge  of  Fe  in  several  crystalline  com¬ 
pounds  including  Fe0MJO,  Fe^O,  Fej04,  Fe2Oj, 
and  a-Fc  metal,  and  those  of  two  amorphous  solids: 
oxide  glass  ([NajO^SiOjJoJFejOjloj)  and  metallic 
glass  (Fe34Cr32NiMP12B6).  It  was  demonstrated  that 
there  is  a  definite  linear  correlation  between  the 
Af-absorption  edge  chemical  shift  and  the  effective 
coordination  charge,  which  is  defined  as  q  —  Z  —  (1 
—f)n,  where  Z  is  the  valence,  /  is  the  degree  of 
ionicity,  and  n  is  the  coordination  number.  This  linear 
correlation  is  proposed  by  Batsamcv  [2],  which 
physical  meaning  is  obvious:  it  represents  the  charge 
that  appears  at  the  periphery  of  the  atom  as  a  result 
of  participation  in  the  chemical  bonding  of  its  own 
electrons  (Z)  and  the  electrons  received  from  the 
neighboring  atoms  ((1  —  f)n\,  which  compensate  for 
the  positive  charge.  On  the  other  hand,  one  of  the 
authors  (MK)  studied  the  X-ray  Absorption  Near- 
Edge  Structure  (XANES)  by  means  of  a  multiple¬ 
scattering  (MS)  theory  utilizing  a  muffin-tin  (MT) 
potential  approximation,  and  found  that  the  overall 
profile  of  the  absorption  spectra  is  well  explained  by 
this  approach  [3-9]. 

In  the  present  paper,  we  calculate  the  Af-absorption 
edge  energy  and  its  chemical  shift  on  the  basis  of  the 
atomic  nature,  instead  of  using  the  MS  calculation 
within  the  MT  approximation.  The  aim  of  this 
paper  is  to  present  a  theoretics  ’  ,uide  line  for  the  K- 
absorption  edge  and  its  chemical  shift  in  several  com- 


t  Permanent  address:  Department  of  Electrical  and  Elec¬ 
tronic  Engineering,  Utsunomiya  University,  Utsunomiya  321, 
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mon  metals,  since  no  such  theoretical  and  systematic 
considerations  are  available  in  the  literature. 


THEORETICAL  BACKGROUND 

Th  energy  of  the  absorption  edge  is  given  by  the 
energy  difference  between  the  initial  core  and  the  final 
states  for  the  Af-absorption  process,  whose  two  states 
are,  of  course,  eigenstates  of  the  Schrddinger  equation 
[— Vl+ K^r)]  \p(r)  =  Here,  the  crystal 

potential  F„,(r)  consists  of  a  spherical  term  F,(r)  and 
a  non-spherical  term  K„,(r).  Due  to  the  fact  that  the 
V„(r)  term  is  usually  small  as  compared  with  the  term 
K,(r),  hereafter  we  will  consider  only  the  spherical 
term  as  the  crystal  potential,  which  corresponds  to  the 
MT  potential  approximation.  The  spherical  potential 
F,(r)  [=  V„y(r)]  is  thus  written  as  [5]: 

K«*(r)  =  F<‘>(r)  -  6aCI[3p<‘’(r)/87t]''\  (la) 

n*’(r)=  F<«»(r)  +  (2r)->  £  R;' 

X  I*  r,w(r,)dr1+  £  2 6qJRt,  (lb) 

J  Hi  -  r  i  #  0 

p'*»(r)  =  p«(r)  +  (2r)-1  £  /?;' 

X  [  r,p“(r),dr„  (lc) 

J  R*-  r 

w(r,)=V?(r,)-26qJr„  (Id) 

V:'(r,)=-2ZJr,+  U(r,),  (le) 

V2l/(r,)=  -8np  •'(»•,),  (If) 
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where  a a  is  the  Schwartz's  exchange  parameter  [10], 
Sqt  denotes  the  value  of  charge  transfer  at  the  a-th 
atoms  and  is  defined  by 

M-Z.. 

ml 

Z,  and  a>$  are  the  atomic  number  of  the  a-th  atom 
and  the  occupation  number  for  the  orbital  specified  by 
rt/l,  respectively.  Here,  it  should  be  emphasized  that, 
according  to  our  experience  based  upon  the  XANES 
calculation  using  a  MS  theory,  the  contribution  of  the 
second  term  in  eqns  (lb)  and  (lc)  to  the  crystal 
potential  is  small  as  compared  with  the  other  terms. 
While  the  crystal  potential  highly  depends  upon  the 
structure  and  the  charges  of  the  atoms  surrounding 
the  absorbing  atom,  the  second  term  in  eqns  (lb)  and 
(Ic)  does  not  strongly  depend  on  the  ionicity  factor 
[5, 6].  Therefore,  in  studying  the  absorption  edge 
chemical  shift  as  an  effect  of  the  ionicity,  this  second 
term  may  be  omitted.  Hence,  the  Schrodinger  equation 
to  be  solved  is  given  as 

[- V2  +  V^rM/r;  q,  s)  =  Ej(q,  i)^(r;  q,  s),  (2a) 

Va,(r)  =  V?(r)  -  6a„[3p*'(r)/8;rr 

+  12  SqJR,  (2b) 
•  oo 

where  symbols  q  and  s  are  the  suffixes  to  indicate  the 
charge  and  the  crystal  structure.  Here,  it  is  noted  that 
the  Madelung  term 

I  2 Sq./R. 

«*o 

is  not  a  function  of  distance  r.  Thus,  the  energy 
eigenvalue  Ej(q,s)  is  given  by 

<>(?)+  Z  2i qJRt. 

a»0 

The  tj{q)  is  the  energy  eigenvalue  for  the  quantum 
state  \j  >  of  the  Schrddinger  equation  for  the  isolated 
atom  or  isolated  ion  for  a  given  charge  q. 

Consequently,  the  energy  of  the  absorption  edge, 
due  to  the  transition  from  |/>  to  |/>  is  given 
by  E*„(q)  -<,(?)  -«/(?),  because  the  Madelung 
term  does  not  depend  on  the  quantum  number.  This 
result  means  that  in  order  to  understand  the  absorp¬ 
tion  edge  and  the  chemical  shift  due  to  the  change 
of  the  charge  of  an  ion,  it  is  sufficient  to  solve  the 
Schrddinger  equation  for  the  isolated  atom  or  ion. 

CALCULATION 

The  self-consistent-field  (SCF)  calculations  follow¬ 
ing  a  prescription  of  Herman  and  Skillman  [11] 
using  Schwarz’s  exchange  parameter  were  carried  out 
for  isolated  Cr,  Mn,  Fe,  Co,  Nl,  Cu  and  Zn  atom* 
and  ions.  These  common  metals  are  very  important 
elements  in  the  study  of  chemistry  and  solid  state 
physics.  Moreover,  in  order  to  take  into  account  the 


effect  of  a  core  hole  due  to  the  /(-absorption,  a  con¬ 
cept  of  the  transition  state  introduced  by  Slater  [12] 
was  adopted  in  the  present  calculation.  In  a  previous 
work  [4]  by  one  of  us  (MK)  concerning  the  if -XANES 
of  diamond,  it  has  already  been  found  that  Slater’s 
transition  state  must  be  used  in  order  to  more 
accurately  predict  the  if -absorption  edge. 

According  to  the  concept  of  Slater's  transition  state, 
the  electron  configuration  of  the  /(-absorption  of  the 
M,+  ion  (M  ■  Cr,  Mn,  Fe,  Co,  Ni,  Cu  and  Zn)  is 
1 S 1 5  2SJ  2P‘  3S2  3/**  3d"4Sr  4/*#  \  and  the  energy  of 
the  if -absorption  edge  is  given  by  the  energy  difference 
between  4 P  and  IS  states.  Here,  the  occupation  num¬ 
bers  of  electrons  x  and  y  for  the  3 d  and  4S  orbitals 
are,  for  example,  given  as  follows:  For  the  cation 
charge  q  -  0,  1,  2,  3,  (x,  y)  =  (5, 1),  (5, 0),  (4, 0)  and 

(3, 0)  for  the  Cr  ion;  (x,  y)  -  (5, 2),  (5, 1),  (5, 0)  and 

(4, 0)  for  the  Mn  ion;  (x,y) « (6, 2),  (6, 1),  (6,0)  and 
(5, 0)  for  the  Fe  ion;  (x,y)  =  (7, 2),  (7, 1),  (7, 0)  and 

(6, 0)  for  the  Co  ion;  (x,  y)  «=  (8, 2),  (8, 1),  (8, 0)  and 

(7, 0)  for  the  Ni  ion;  (x,  y)  -  (10. 1)  (10, 0),  (9, 0)  and 
(8,0)  for  the  Cu  ion;  and  (x,y)  =  (10, 2),  (10,1) 
(10, 0)  and  (9,0)  for  the  Zn  ion. 

RESULTS  AND  DISCUSSION 

The  calculated  energies  of  the  /.'-absorption  edge  are 
tabulated  in  Table  1  together  with  the  experimental 
values  [13]  for  M-Cr,  Mn,  Fe,  Co,  Ni,  Cu  and 
Zn  atoms.  From  this  table,  it  is  found  that  the  Jf- 
absorption  edge  energies  calculated  by  using  Slater’s 
transition  state  are  in  good  agreement  with  the  exper¬ 
imental  data.  This  result  verifies  again  that  the  Slater’s 
transition  state  is  very  useful  for  the  understanding  of 
the  adsorption  process. 

The  calculated  /(-absorption  edge  chemical  shifts, 
with  respect  to  the  metallic  state,  are  tabulated  in 
Table  2,  and  plotted  in  Fig.  1,  as  a  function  of  the 
cation  charge  q  for  various  metals.  From  this  figure 
the  following  observations  are  obtained. 

(1)  The  chemical  shift  increases  linearly  with  the 
increasing  q  value. 

(2)  There  exists  a  critical  value  qt  at  which  a 
gradient  change  in  the  charge  dependence  of  the 

Table  1,  Calculated  and  experimental  (13}  energies  in  units 
of  eV  of  the  if -absorption  edge  for  Cr,  Mn,  Fe,  Co,  Ni,  Cu 
and  Zn  atoms.  The  deviation  (in  %)  between  the  experiment 
and  the  calculation  is  also  indicated  by  the  value  inside  the 
parentheses,  The  lint  column  shows  the  energies  calculated 
by  using  Slater's  transition  state  (T.S.)  and  the  second  one 
those  calculated  by  using  the  ground  state  (Q-S.)  which  is 
also  obtained  ftom  the  SCF  calculation 


T.S. 

Q.S, 

Experiment 

Cr 

5960.49(0,47) 

5826,79(2,71) 

5988,8 

Mn 

6506.26(0.48) 

6365,16(2,64) 

6537,6 

Fe 

7070.61  (0,57) 

6923,45(2,64) 

7111,2 

Co 

7658,78(0.66) 

7505,69(2,64) 

7709,54 

Ni 

8270.99(0.73) 

8110,82(2,65) 

8331,65 

Cu 

8897,05(0.93) 

8734,34(2,74) 

8980,3 

Zn 

9565,36(0.99) 

9392,51  (2,78) 

9660,7 
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Table  2.  M*+  ^-absorption  edge  chemical  shift  calculated  in 
units  of  eV  as  a  function  of  the  charge  q  for  M  ■■  Cr,  Mn, 
Fe,  Co,  Ni,  Cu  and  Zn  ions 


9 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

Cr 

0.14 

1.35 

3.57 

8.06 

12.06 

18.41 

23.11 

Mn 

0.99 

1.82 

2.06 

3.91 

7.10 

13.33 

19.43 

Fe 

0.74 

2.14 

2.89 

4.10 

10.84 

13.52 

18.99 

Co 

1.02 

2.21 

3.41 

4.24 

9.02 

14.40 

19.92 

Ni 

0.31 

0.93 

2.33 

3.06 

8.95 

14.25 

18.58 

Cu 

2.38 

3.87 

7.24 

11.30 

16.96 

22.17 

Zn 

-0.57 

0.19 

1.36 

2.37 

7.96 

14.33 

19.91 

chemical  shift  occurs.  This  qc  value  is  1  for  Cr  and  Cu 
ions,  and  is  2  for  Mn,  Fe,  Co,  Ni  and  Zn  ions. 

(3)  For  all  the  systems  considered,  the  gradients 
of  the  linear  lines  shown  in  Fig.  1  in  the  region  q  >  qe 
are  larger  than  those  when  q  <qe. 

(4)  The  charge  dependence  of  the  chemical  shift  is 
nearly  the  same  for  Mn,  Fe,  Co  and  Ni  ions  (Fig.  lh). 

It  is  clear  that  the  value  qt  corresponds  to  the 
occupation  number  of  electrons  on  the  45  oribital  of 
the  neutral  atom.  Results  (4)  are  borne  out  from  the 
fact  that  Mn,  Fe,  Co,  and  Ni  are  3rf  transition  metals 
of  the  same  45  electron  configuration.  Moreover, 
results  (3)  can  be  understood  because  the  3 d  orbital 
electrons  are  more  localized  than  the  45  electrons. 
Therefore,  the  effect  of  the  change  of  the  occupation 
number  in  the  3 d  orbital  states  on  the  AT-absorption 
edge  energy  is  larger  than  that  of  the  45  orbital  state. 

It  is  fruitful  to  compare  the  calculated  chemical 
shifts  with  the  experimental  values.  Some  of  the  exper¬ 
imental  measurements,  in  units  of  eV,  are  tabulated 
in  Table  3  and  shown  in  Fig.  1,  together  with  the 
predicted  cation  charges  ^(-Z/J)  based  upon  our 
current  calculation.  The  charges  of  Mn,  Fe,  Co  and 
Ni  ions  obtained  by  using  the  experimental  chemical 
shifts  and  our  calculation  show  reasonably  good 
agreement  with  the  formal  charge  of  the  respective 
ions,  except  for  the  case  of  Fe2Oj.  The  discrepancy 
in  this  case  is  probably  due  to  the  fact  that  a  certain 
degree  of  covalent  bonding  exists  because  the  calcu¬ 
lated  ionicity  by  Levine  [17]  is  0.667  for  Fe202,  thereby 
giving  a  cation  charge  of  2.0.  On  the  contrary,  the 
predicted  charges  for  Cu  and  Zn  using  the  experimen¬ 
tal  AT-absorption  edge  chemical  shift  information  are 
significantly  different  from  the  formal  charges  for 
Cu20,  CuO  KZnFj,  ZnTe,  ZnSe,  ZnS  and  ZnO 
crystals.  In  the  case  of  KZnF2,  a  negative  (-0.5  eV) 
chemical  shift  was  measured,  in  contradiction  with  a 
predicted  positive  value.  We  believe  that  the  charge 
of  Zn  ion  does  not  exceed  a  value  of  2,  so  that  the 
chemical  shift  of  the  Zn  K -absorption  edge  is  about 
1  eV  or  less  within  the  present  model.  Such  a  small 
chemical  shift  might  be  difficult  to  measure,  so  that 
it  is  not  unreasonable  to  question  the  accuracy  of  the 
measurement  in  this  case.  The  charges  predicted  In 
the  case  of  zinc  chalcogenides  ZnTe,  ZnSe,  ZnS  and 
ZnO,  however,  exceed  a  value  of  2.  This  Is  a  serious 
problem.  We  suspect  that  these  zinc  chalcogenides 
crystallize  by  the  5/>J  hybridized  covalent  bonding  so 


Fig.  I.  Plot  of  AT-absorption  edge  chemical  shifts  (eV) 
calculated  as  a  function  of  the  cation  charge  f  fbr  (a)  Cr, 
(b)  Mn,  (c)  Fe,  (d)  Co,  (e)  Ni,  (f)  Cu,  and  (g)  Zn  ions. 
The  experimentally  measured  chemical  shifts  as  tabulated 
in  Table  3  are  also  Indicated  on  the  plot.  Figure  (h)  is  a 
summary  of  the  predicted  linn  fbr  the  charge  dependence  of 
the  chemical  shifts  fbr  alt  elements  considered. 
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Table  3.  Experimental  values  (eV)  of  the  metal  A -absorption  edge  and  the  chemical 
shift  for  various  compounds.  The  charges  predicted  from  Fig.  t  are  also  indicated 


Material 

Energy  of  the  edge 

Chemical  shift 

Predicted  charge 

KMnFj 

6542.1  [14] 

4.5 

2.1 

KFeFj 

7116.3114] 

5.1 

2.1 

FeftttjO 

7115(1] 

3.8 

1.95 

Fea«asO 

7115(1] 

3.8 

1.95 

FejOj 

7120.5(1] 

9.3 

2.55 

KCoF] 

7715.4(14] 

5.86 

2.15 

(CofNH^JCl, 

7722(8] 

12.5 

2.8 

KNiF, 

8337.5(14] 

5.85 

2.25 

CujO 

8983(15] 

2.7 

0.7 

CuO 

8987(15] 

6.7 

1.3 

KZnF, 

9660.2  (14] 

-0.5 

? 

ZnTe 

3.64  ±0.4  (16] 

2.15 

ZnSe 

5.05  ±0.4  (16] 

2.25 

ZnS 

5.68  ±0.4(16] 

2.3 

ZnO 

7.87  ±0.4  (16] 

2.5 

that  a  reasonable  explanation  for  the  absorption  edge 
chemical  shift  of  these  crystals  is  beyond  the  present 
interpretation  which  is  based  on  the  atomic  nature. 
Finally,  let  us  consider  the  cases  of  Cu  ion.  In  the  case 
of  0u2O  crystals,  the  predicted  charge  0.7  for  Cu  is 
reasonable  when  compared  with  a  calculated  value  of 
0.56  by  Levine  [17]  using  a  dielectric  theory.  However, 
in  the  case  of  CuO,  the  predicted  charge  1 .3  is  far  from 
the  formal  charge  2.  This  discrepancy  may  or  may  not 
be  clarified  even  if  the  effect  of  the  covalent  bonding 
is  considered.  The  charge  of  the  Cu  ion  is  an  important 
issue  in  the  field  of  high  Tc  superconductors.  There¬ 
fore,  we  strongly  hope  that  more  careful  measurements 
of  the  Cu  X -absorption  edge  chemical  shifts  can  be 
carried  out  so  that  a  comparison  could  be  made  with 
our  calculated  results.  We  believe  that  our  calculated 
results  are  useful  in  this  regard. 

SUMMARY 

Self-consistent-field  calculations  have  been  system¬ 
atically  carried  out  for  the  first  time  for  common 
metals  Cr,  Mn,  Fe,  Co,  Ni,  Cu  and  Zn  atoms  and 
ions  by  using  a  concept  of  the  transition  state  intro¬ 
duced  by  Slater,  in  order  to  obtain  the  X-ray  absorp¬ 
tion  edge  energy  and  the  chemical  shift  due  to  the 
change  of  cation  charge.  The  calculated  ^-absorption 
edge  energies  are  in  good  agreement  with  the  estab¬ 
lished  values  of  the  considered  metals.  The  results  of 
the  AT -absorption  edge  chemical  shifts  calculated  as  a 
function  of  the  cation  charge  lead  us  to  the  conclusion 
that:  (1)  there  is  a  linear  correlation  between  the 
chemical  shift  and  the  cation  charge  of  a  crystal,  and 
(2)  the  present  calculation  based  only  on  the  atomic 
nature  is  adequate  for  the  understanding  of  the 
absorption  edge  chemical  shift  of  an  ionic  crystal,  but 
is  not  very  good  for  that  of  a  covalent  one. 

In  order  to  investigate  the  applicability  of  our 
calculations  to  the  prediction  the  degree  of  ionicity 
(or  the  cation  charge)  for  various  ionic  compounds,  it 


is  necessary  that  the  AT-absorption  edge  chemical  shifts 
are  carefully  measured  and  systematically  compared 
with  the  present  calculations. 
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Abstract 

Phase  stability  of  the  intermetallic  compound  Al3Nb  is  investigated  as  a 
function  of  nickel  additions  by  band  structure  calculations  based  on  an  extended 
Hueckel  tight-binding  method.  With  this  method,  the  electronic  structure  and  total 
energies  of  the  Al6_„Ni„Mb2  compounds  (where  n  is  an  integer  from  0  to  6)  are 
calculated  for  both  D022  and  Ll2  structures  under  the  assumption  that  nickel 
substitutes  for  aluminium.  The  electronic  total  energies  obtained  from  integration 
of  the  energy  states  of  all  electrons  considered  have  shown  that  the  D02  2  structure  is 
stable  in  the  binary  Al3Nb  compound  as  compared  with  the  Ll2  structure; 
conversely,  the  Ll2  structure  is  stable  for  compounds  with  n  values  greater  than  1. 
These  calculations  are  in  good  agreement  with  X-ray  diffraction  results  reported  by 
Schubert  and  co-workers.  Differences  in  the  electronic  total  energy  per  atom 
between  D022  and  Lf2  are  -0-79eV and 0-56 eV for n equal  to 0 and  2,  respectively. 


§1.  Introduction 

There  is  considerable  interest  in  trialuminide-based  intermetallic  compounds 
containing  transition  elements,  such  as  Ti,  Zr,  Hf,  Nb  and  Ta,  as  promising  structural 
materials  because  of  their  relatively  high  melting  point,  low  density  and  good  oxidation 
resistance.  However,  partly  because  of  the  low  symmetry,  and  ordered  tetragonal  D022 
structure,  they  are  mostly  brittle  at  ambient  temperature  (Yamaguchi,  Umakoshi  and 
Yamane  1987).  A  legitimate  approach  to  ductilize  these  trialuminides  is  to  transform 
them  to  structures  having  higher  symmetry  such  as  an  ordered  cubic  LI  2  structure.  It  is 
well  known  that  Al3Ti  transforms  from  the  D022  to  the  Ll2  structure  (fig.  1)  by  the 
addition  of  transition  elements  in  the  third  period  of  the  periodic  table  (Raman  and 
Schubert  1965,  Seibold  1981,  George,  Porter,  Henson,  Oliver  and  Oliver  1989).  Recent 
compression  tests  have  shown  appreciable  improvement  of  room  temperature  ductility 
for  LI 2  Al3Ti  containing  iron  that  was  produced  through  hot  isostatic  pressing  by 
reducing  cavities  formed  during  casting  (Inoue,  Cooper,  Favrow,  Hamada  and 
Wayman  1990). 

In  an  attempt  to  determine  the  relationship  between  phase  stability,  bonding 
characteristics,  and  mechanical  properties  of  AI3Ti,  theoretical  investigations  have 
recently  been  made  by  means  of  calculations  of  electronic  total  energies  using  three 
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Fig.  1 
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Unit  cells  of  (a)  a  D022-type  and  (b)  an  Ll2-type  structure  for  A3B  compounds. 


methods:  an  augmented  spherical-wave  method,  ASW  (Carlsson  and  Meschter  1989),  a 
full-potential  linearized  augmented  plane-wave  method,  FLAPW  (Fu  1990),  and  a 
linear  muffin  tin  orbital  method,  LMTO,  (Asta,  Sluiter,  de  Fontaine,  Hong,  Freeman 
and  Singh  1990).  Calculations  using  the  ASW  and  FLAPW  methods  have  shown  that 
the  D022  structure  is  stable  in  Al3Ti,  as  compared  with  the  Ll2  structure,  in  agreement 
with  X-ray  experiments  (Raman  and  Schubert  1965).  Calculations  with  the  LMTO 
method,  conversely,  disagree  thereby  indicating  that  this  method  needs  to  be  modified. 
Despite  the  fact  that  most  attractive  trialuminides  require  the  presence  of  the  Ll2 
structure  stabilized  by  ternary  additions,  no  theoretical  studies  based  on  first  principle 
calculations  have  been  conducted  to  determine  the  effect  of  ternary  additions  on  phase 
stability  of  trialuminides.  To  determine  such  effects,  we  have  performed  a  series  of 
calculations  using  an  extended  Hueckel  tight-binding  method,  XHTB  (Grunes, 
Leapman,  Wilker,  Hoffmann  and  Kunz  1982). 

The  XHTB  method  has  recently  been  applied  to  ionic  perovskite-type  compounds 
such  as  KNiF3  (Kitamura  and  Muramatsu  1990a)  and  a  K2PdCl6  crystal  (Kitamura 
and  Muramatsu  1990b).  It  has  been  widely  believed  that  a  calculation  based  on  the 
tight  binding  method  is  applicable  for  evaluation  of  valence  band  structure,  but  not 
necessarily  applicable  for  evaluation  of  conduction  band  structure.  However,  the  band 
structure  calculations  for  the  above  two  compounds  are  in  good  agreement  with 
experiments  related  not  only  with  the  valence  band  but  also  with  the  conduction  band 
(Kitamura  and  Muramatsu  1990a,  b).  This  is  because  in  the  calculation  processes, 
atomic  data  from  self-consistent-field  calculations  are  used  instead  of  empirical  atomic 
data.  This  indicates  that  the  XHTB  method  may  be  useful  for  evaluation  of  electronic 
structures  for  metallic  compounds  if  self-consistently  obtained  atomic  data  are  used. 
Another  reason  for  adoption  of  this  method  is  that  it  is  more  powerful  when  applied  to 
compounds  whose  unit  cells  are  either  larger  or  more  complicated,  such  as  K2PdCl6 
and  Al19Ti5,  which  is  composed  of  six  f.c.c.  lattices,  in  Fe-modified  Ll2-type  Al3Ti 
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(Pak,  Pak,  Wayman  and  Cooper  1990).  That  is  not  always  the  case  for  the  FLAPW  and 
LMTO  methods.  The  present  paper  deals  with  some  results  relating  to  phase  stability 
of  the  intermetallic  ompounds  Al3Nb  as  a  function  of  nickel  composition.  This 
compound  is  believed  to  be  more  attractive  than  Al3Ti  because  of  its  high  melting  point 
(1600°C)  and  relatively  low  density  (4-91  gem-3)  (the  melting  point  and  density  of 
Al3Ti  are  1350°3  and  3-36 gem-3,  respectively). 

§2.  Theoretical  background 

In  this  section  we  briefly  describe  the  XHTB  method,  and  a  practical  calculation 
procedure.  Details  of  the  theory  is  found  in  a  paper  by  Kitamura  and  Muramatsu 
(1990a).  We  solve  the  Schroedinger  equation 

H'P^Et'PM  (1) 

where  H  is  a  one-electron  Hamiltonian  consisting  of  a  kinetic-energy  term  and  the 
crystal  potential,  which  is  periodic  with  the  periodicity  of  the  lattice.  The  one-electron 
wave  function  Pk(r)  is  specified  by  a  wave  vector  k  within  the  first  Brillouin  zone  (BZ). 
According  to  the  Bloch  theorem  in  the  tight-binding  scheme  the  wave  function  is 
written  as 


(2  a) 

/l(K r)=£  exp ik •  t„ <t>{£\r - r M)N ~  m. 

(2  b) 

where  summation  over  fi  is  taken  for  eight  independent  atoms,  fig.  2;  denotes  their 
positions  throughout  the  crystal.  In  the  present  paper,  the  same  crystal  structure,  fig.  2, 
is  used  for  both  the  D022  and  Ll2  structures  in  order  to  eliminate  the  possible  program 
dependency  of  energy  calculations;  that  is,  using  the  structure  in  fig.  2  (with  c/a  being  2), 
we  simply  obtain  energies  that  are  twice  as  much  as  what  an  Ll2  structure  would  have. 

Fig.  2 


Eight  independent  sites  in  a  D02J  unit  cell. 
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Here,  ^’(r  —  %)  >s  the  atomic  orbital  function  with  a  quantum  state  denoted  by  the 
collective  index  L=(l,m)  for  the  ft  atoms  located  at  r„,  where  /  is  the  quanum  number 
containing  a  principal  quantum  number  and  the  usual  orbital  angular-momentum 
quantum  number,  and  m  denoting  its  degenerate  components  for  a  real  base.  N„  is  the 
number  of  the  n  atoms,  being  equal  to  N/ 8,  where  N  is  the  total  number  of  atoms 
forming  the  compounds.  The  coefficient  u^k)  and  energy  Ek  are  obtained  as  a  function 
of  the  wave  vector  k  by  solving  the  secular  equation  given  in  eqns.  (3  a),  (3  b)  and  (3  c )  in 
the  reference  Kitamura  and  Muramatsu  (1990a).  In  the  evaluation  of  the  matrix 
elements  of  H  given  in  eqn.  (3  b)  in  the  reference,  the  Wolfsberg-Helmholtz 
approximation  (Wolfsberg  and  Helmholtz  1962)  is  used: 

<m*m — r,)>  (£«/•» +4'.')<^»(r)l^.)(r-r,)>.  (3) 

Here,  G  is  an  adjustable  parameter  with  value  chosen  to  be  1-75  (Kitamura  and 
Muramatsu  1990a),  and  is  the  atomic  energy  for  the  L  state  of  the  /i  atom.  In  the 
present  calculation,  no  charge  transfer  is  taken  into  account  because  all  atoms  in  the 
AljNb-based  intermetallic  compounds  are  treated  to  be  neutral  because  of  their 
metallic  nature.  The  overlap  integral,  the  third  term  in  (3),  is  obtained  in  a  similar  way 
to  those  described  by  Kitamura  and  Muramatsu  (1990a). 

The  primary  objective  of  this  study  is  to  compare  electronic  total  energies  for  the 
D022  and  Ll2  structures  of  Al2Nb-based  compounds,  which  are  calculated  from  the 
total  density  of  states,  D(E),  and  to  discuss  the  phase  stability.  The  electronic  total 
energy  £lou,  is  given  by  EfED(E)dE,  where  EF  is  the  Fermi  level  of  the  compounds. 

Now  we  go  into  a  practical  calculation  procedure.  Input  data  for  calculations  are 
atomic  data  given  by  Herman  and  Skillman  (1963),  the  value  (1-75)  of  the  adjustable 
parameter  G,  and  the  lattice  parameters  adopted  for  Al3Nb:  a  =  7-264  au  (i.e.  0-3844  nm) 
and  c/a  =  2-239  for  the  D022  structure  (Lundin  and  Yamamoto  1966);  and  a  —  7-6158  au 
(i.e.  0-403  nm)  for  the  Ll2  structure  (Schubert,  Meissner,  Raman  and  Rossteutscher 
1964).  Using  a  self-consistent-field  calculation  (Kitamura,  Sugiura  and  Muramatsu 
1989)  based  on  the  prescription  of  Herman  and  Skillman  with  the  following  exchange- 
correlation  parameters  Hven  by  Schwarz  (1972),  we  obtain  atomic  orbitals.  The 
Schwarz  exchange  parameters  are:  0-72795  for  aluminium;  0-70357  for  niobium;  and 
0-70843  for  nickel.  Throughout  the  present  band  structure  calculations,  we  use  the  two 
outer  atomic  orbitals  for  each  atom,  which  are:  3s  and  3p  orbitals  for  Al 
(ls22s22p63s23p1);  3d  and  4s  for  Ni  (ls22s22p63s23p63d84s2);  and  4d  and  5s  for  Nb 
(1  s22s22p63s23p63d  104s24p64d*5s1). 

§  3.  Results  and  discussion 

Let  us  first  apply  the  XHTB  method  to  Al3Ti  to  calculate  its  electronic  total  energy 
for  comparison  with  the  results  obtained  by  means  of  the  ASW  method  (Carlsson 
and  Meschter  1989)  and  FLAPW  method  (Fu  1990).  For  this  purpose,  we  use  the 
Schwarz  exchange  parameter  of  0-71648  and  the  3d  and  4s  orbitals  for  Ti 
(ls22s22p63s23p63d24s2),  and  adopt  the  following  lattice  parameters  for  Al3Ti: 
a =7-2717  au  (i.e.  0-3848  nm)  and  c/a-  2-231  for  the  D022  structure;  and  a  =  7-3702  au 
(i.e.  0-3968 nm)  for  the  Ll2  structure  (Porter,  Hisatsune,  Sparks,  Oliver  and  Dhere 
1989).  Since  no  Ll2  phase  exists  in  the  binary  Al3Ti,  the  lattice  parameter  taken  from 
Al69Fe6Ti25  is  used.  According  to  the  electronic  total  energy  as  a  function  of  unit 
formula  volume  reported  by  Fu  (1990),  this  lattice  parameter  is  most  likely  because  it 
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gives  a  minimum  of  the  total  energy.  Our  results  for  the  electronic  total  energy  show 
that  the  D022  structure  is  stable  as  opposed  to  the  LI 2  structure,  in  agreement  with 
experiments  (Porter  et  al.  1989).  The  energy  difference  per  atom  between  these  two 
structures  is  019  eV,  whereas,  in  work  by  Carlsson  and  Meschter  (1989)  and  by  Fu 
(1990),  the  energy  difference  per  atom  is  006 eV  and  0025eV,  respectively.  The  values 
obtained  by  these  two  methods  differ  by  a  factor  of  4  and  8,  respectively,  from  that  by 
the  present  XHTB  method.  We  believe  that  this  discrepancy  is  incurred  by  neglecting 
the  contribution  of  the  3p  orbital  for  Ti.  Nevertheless,  the  XHTB  method  can  predict 
the  stability  of  the  D022  phase  over  the  LI  2  phase  in  Al3Ti  in  a  similar  way  to  that  using 
the  ASW  and  FLAPW  methods. 

It  should  be  pointed  out,  prior  to  going  further  into  results  from  Al3Nb-based 
compounds,  that  we  compare  the  difference  in  electronic  total  energy  between  the  D022 
and  LI 2  structures  to  evaluate  the  phase  stability.  The  reason  is  that  the  difference  of 
Gibbs’  free  energies  corresponding  to  these  two  phases,  AG = AH  —  T AS,  is  essentially 
equal  to  the  difference  in  enthalpy  AH  because  of  the  negligible  change  in  the 
configurational  entropy  AS.  The  enthalpy  differences  are  internal  energy  changes,  and 
are  primiarly  from  electronic  band  energies. 

Now  we  go  into  band  structure  calculations  for  Al6_.Ni.Nb2  compounds.  For  the 
binary  Al3Nb,  calculations  are  made  in  a  similar  way  to  those  for  Al3Ti,  while  for  the 
case  of  the  ternary  compounds,  calculations  are  made  for  specific  atomic  configur¬ 
ations,  fig.  3,  in  order  to  maintain  lattice  periodicity.  As  seen  in  fig.  3,  every  site  is 
occupied  by  an  individual  atom  with  an  occupation  probability  of  1.  That  is,  the  value 
of  n  must  be  an  integer  between  0  and  6,  provided  that  there  is  a  quasi-binary  phase 
between  Al3Nb  and  Ni3Nb.  As  shown  in  the  table,  the  value  n  can  only  be  even  for  the 
Ll2  structure,  while  for  the  D022  structure,  it  can  be  either  even  or  odd.  For  each  n 
value,  there  is  only  one  atom  configuration  in  the  case  of  the  Ll2  structure,  shown  in 
parts  (1H4)  of  fig.  3  (note  niobium  atoms  occupying  sites  1  and  6).  In  the  case  of  the 
D022  structure,  conversely,  there  are  several  configurations  because  of  non¬ 
equivalency  of  sites:  1  configuration  for  n  being  0  and  6;  3  for  n  being  1  and  5;  6  for  n 
being  2  and  4;  and  8  for  n  being  3.  Figure  3  show  all  atomic  configurations  used  for  band 
structure  calculations.  For  example,  taking  the  case  of  n  being  1,  this  aspect  is 
explained.  As  seen  in  fig.  2,  sites  4,  5,  7,  8  are  equivalent  from  symmetrical 
considerations,  while  sites  3, 4  (5, 7  or  8),  and  6  are  not.  As  a  result,  there  are  three  sites  at 
which  one  nickel  atom  can  be  placed  in  the  unit  cell.  They  are  either  3, 4  (5, 7  or  8)  or  6, 
whose  corresponding  atomic  configurations  are  shown  in  parts  (6)-8)  of  fig.  3, 
respectively.  In  fig.  3,  ail  atomic  configurations  used  for  band  structure  calculations  are 
shown. 

Using  atom  positions  defined  in  fig.  3  and  other  input  parameters  mentioned  above, 
band  structure  calculations  can  be  performed.  Figure  4  shows  two  examples  of  the  total 
density  of  states  (TDOS)  obtained  using  the  XHTB  method.  From  these  TDOSs,  the 
values  of  the  electronic  total  energy  £,„„,  are  obtained,  and  are  listed  in  the  table  along 
with  differences  in  £IO), ,  between  the  D022  and  Ll2  structures.  From  this  table  it  is  seen 
that  the  D022  structure  is  stable  for  the  binary  Al3Nb  compound  as  opposed  to  the  LI  2 
structure,  in  agreement  with  X-ray  experiments  (Lundin  and  Yamamoto  1966).  Here  it 
should  be  emphasized  from  the  table  that  the  LI  2  structure  is  found  to  be  stable  when 
nickel  is  added  to  Al3Nb,  provided  that  nickel  substitutes  for  aluminium  in  the  quasi- 
binary  system  Al3NbNi3Nb.  This  effect  of  nickel  additions  on  phase  stability  is 
visualized  by  plotting  the  £totl,  values  as  a  function  of  nickel  composition  (and  the  value 
of  n).  As  seen  in  fig.  5,  a  stable  phase  with  the  LI 2  structure  appears  in  the  AI-Ni-Nb 


Atom  positions  in  D0„  and  Ll2  unit  cells  of  Al6-„Ni„Nbj  compounds,  used  for  calculation 

of  electronic  total  energies. 


system  at  a  nickel  composition  near  10  at.%.  This  is  surprising  when  the  results  of  X-ray 
experiments  by  Schubert  et  al.  (1964)  are  compared;  that  is,  they  found  an 
LI  2Al5NijNb2  phase  with  lattice  parameter  of  0-403  nm.  In  the  present  band  structure 
calculations  for  the  LI 2  structure,  we  have  adopted  this  lattice  parameter.  Although 
electronic  total  energies  are  dependent  on  lattice  parameters,  this  adoption  is 
reasonable  because  changes  in  the  lattice  parameter  by  ternary  additions  are  not 
critical  (Porter  et  al.  1989),  especially  for  compounds  with  low  concentrations  of 
ternary  additions.  A  recent  X-ray  study  (Subramanian,  Simmons,  Mendiratta, 
Dimiduk  1989),  however,  disagrees  with  the  results  by  Schubert  et  al.  (1964);  no  Ll2 
phase  has  been  detected  in  two  Al3Nb  alloys  containing  nickel.  In  order  to  resolve  this 
experimental  discrepancy,  we  suggest  that  Al3Nb  alloys  containing  nickel  should  be 
heat  treated  at  different  temperatures  followed  by  detail  analysis  of  the  X-ray  data. 
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Fig.  4 


Total  density  of  states  of  Al3Nb  in  (a)  the  D022  and  (h)  the  Ll2  structures,  measured  from 

vacuum  level. 


Fig.  5 


n  (for  Al6-nNinNb2) 

0  12  3  4  St 


Electronic  total  energies  for  the  D022  and  Ll2  structures  of  Al3Nb  as  a  function  of  nickel 
composition.  Arrow  indicates  A!3Nb  containing  12  5  at.%  Ni  (i.e.  n  =  1)  which  was  found 
to  have  an  Ll2  structure  by  Schubert  el  al.  (1964). 
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H.  R.  P.  Ioue  et  al. 

Electronic  total  energy  for  AU-.Ni.Nb!  and  AI,Ti. 


AEl1. 

Crystal  n  (eV/cell)  (eV/atom) _ Remarks 


AU-.Ni.Nb, 

LI,  0 

DO,,  0 


- 162-80 
— 169-14 


DO,, 

1 

-250-41 

DO,, 

1 

-252-30 

DO,, 

1 

-250-41 

LI, 

2 

-349-37 

DO,, 

2 

-344-91 

DO,, 

2 

-343-78 

DO,, 

3 

-413-51 

LI, 

4 

—  513-29 

DO,, 

4 

-509-25 

LI, 

6 

-689-67 

DO,, 

6 

-688-59 

AljTi 

LI,  0  -170-50 

DO,,  0  — 171 97 


Fig.  3  (1) 
Fig-  3  (5) 

0-79 

008  (Carlsson  and  Meschter  1989) 

Fig.  3  (6) 
Fig.  3  (7) 
Fig.  3  (8) 

056 

Fig.  3  (2) 
Fig-  3  (9) 
Fig.  3  (10) 

Fig- 3  (11) 

051 

Fig.  3  (3) 
Fig.  3  (12) 

014 

Fig.  3  (4) 
Fig.  3  (13) 

-019 

—006  (Carlsson  and  Meschtcr  1989) 
0025  (Fu  1990) 


Of  28  atomic  configurations  for  the  n  value  in  AI6_.Ni.Nb2,  electronic  total  energy 
calculations  have  been  performed  for  1 3  configurations,  fig.  3.  As  seen  in  the  table  (for  n 
being  1  and  2),  the  results  show  that  there  are  some  differences  in  among  DO,, 
configurations  for  the  same  value  of  n.  However,  these  differences  are  not  significant 
because  of  rather  large  energy  differences  present  between  the  DO,,  and  LI,  structures 
for  the  same  n  value.  We  believe  that  all  the  possible  atomic  configurations  for  a  given  n 
value  are  mixed  in  a  fashion  to  construct  a  compound  with  the  DO, ,  structure,  if  it  is 
stable  in  comparison  with  the  LI,  structure.  In  the  present  XHTB  calculations  for  the 
binary  and  ternary  Al6  _.Ni.Nb,  alloys,  we  have  neglected  the  contribution  of  the  third 
outer  orbitals  for  Ni  (i.e.  3p  orbital)  and  Nb  (i.e.  4p  orbital).  This  may  result  in  relatively 
large  structural  energy  differences  between  LI,  and  LI,  structures,  compared  with 
those  reported  for  the  binary  Al3Nb  alloy  (Carlsson  and  Meschter  1989).  Although  we 
do  not  think  such  a  contribution  reverts  the  present  prediction  of  phase  stability, 
XHTB  calculations  including  those  p  orbitals  are  underway  in  order  to  obtain  more 
accurate  structure  energies. 
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§4.  Conclusion 

Band  structure  calculations  of  binary  intermetallic  compounds  Al3Nb  and  Al3Ti 
and  ternary  intermetallic  compounds  Al6  _  .Ni.Nb^n  =  1 , 2, 3, 4, 6)  in  the  D022  and  L 1 2 
structures  have  been  performed  based  on  an  extended  Hueckel  tight-binding  method. 
The  total  density  of  states  and  electronic  total  energies  are  presented.  In  both  binary 
compounds,  the  D022  structure  is  shown  to  be  stable  as  compared  with  the  Ll2 
structure,  in  good  agreement  with  X-ray  diffraction  experiments.  Hie  effect  of  nickel 
additions  on  phase  stability  of  Al3Nb  has  been  investigated  and  it  has  been  found  that 
nickel  additions  stabilize  the  LI  2  structure.  The  present  results  have  shown  that  there  is 
a  stable  Ll2Al3Nb  phase  bearing  nickel  whose  composition  is  greater  than  10at.%. 
This  is  in  good  agreement  with  X-ray  experiments  by  Schubert  et  al.  (1964)  who  found 
an  Ll2Al3Nb  phase  containing  12-5at.%  Ni,  although  in  a  recent  report  by 
Subramanian  et  al.  (1989)  no  such  phase  has  been  detected.  Detailed  X-ray  experiments 
need  to  be  carried  out  for  clarification  of  this  experimental  disagreement. 
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Abstract 


A  modified  Pechini  chemical  preparation  technique  was  used  to  produce  enstatite 
(MgSi03)  powder.  By  this  method,  low  temperature  stable  orthoenstatite  (OE)  was  ob¬ 
tained  at  850  °C  after  2  h  of  calcination.  The  effects  of  annealing  temperature/time,  initial 
particle  size,  chemical  dopants  and  shear  stress  on  the  conversion  of  protoenstatite  (PE)  to 
clinoenstatite  (CE)  on  the  powder  have  been  studied.  The  results  indicated  that  the 
transformation  of  orthorhombic  PE  to  monoclinic  CE  was  sensitive  to  the  initial  powder 
particle  size  as  well  as  type  and  amount  of  chemical  dopant  used.  Sodium  ions  (Na+), 
which  were  found  to  cause  the  formation  of  glassy  phase  around  the  PE  grains,  destabi¬ 
lized  the  PE  phase  physically.  In  comparison,  manganese  ions  (Mn2+),  were  found  to 
preferentially  substitute  for  the  smaller  Mg^+  ions  in  solid  solution,  and  stabilized  the  PE 
phase  chemically.  The  powders  with  different  chemical  dopants  annealed  at  different 
temperatures  were  carefully  examined  by  TEM  and  EDS.  Stacking  disorder  of  PE  and  CE, 
which  gave  rise  to  streaking  in  TEM  selected  area  diffraction  patterns  (SADP),  was 
observed. 

Key  words:  [enstatite,  MgSiC>3,  powder  preparation,  phase  transformation,  physical 
stabilization,chemical  stabilization.] 
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L  Introduction 

Enstatite  exists  in  three  distinct  crystalline  modifications:  ortho-,  proto-  and  clino- 
enstatite  (designated  OE,  CE  and  PE,  respectively).  The  structures  of  these  polymorphs 
and  the  nature  of  the  transformations  between  them  have  been  studied  extensively  and  re¬ 
viewed  by  several  investigators.1’8  The  transformation  of  PE  to  CE,  nominally  at  865  °C 
on  cooling,  is  reported  to  be  instantaneous,  diffiisionless,  oriented,  athermal,  stress  induc¬ 
ible  and  reversible,  thereby  showing  features  of  a  martensitic  phase  transformation.  Sev¬ 
eral  workers  reported  a  critical  size  effect  for  the  PE  to  CE  transformation.9’11  A  mini¬ 
mum  size  of  7  pm  was  given.10  However,  Mielcarek12  found  that  the  transformation  also 
occurred  for  grains  as  small  as  40  nm  at  a  temperature  of  500  K. 

The  effect  of  chemical  dopants  on  the  stabilization  of  PE  was  studied  by  Sarver 
and  Hummel  and  others.  9-7»13  Addition  of  1~2  mole  %  of  MnSi03  in  solid  solution  with 
MgSi03  stabilized  the  PE  under  certain  conditions.  Bloor10  found  that  a  CaO  dopant  in 
MgSi03  enhanced  PE  crystallite  growth,  thereby  destabilizing  the  PE  form.  The  early  ef¬ 
forts  at  applying  the  PE  to  CE  transformation  to  toughening  of  glass-ceramics  in  poorly 
nucleated  compositions  indicated  that  toughening  from  the  metastable  presence  of  the  PE 
did  not  occur  by  simple  analogy  with  the  tetragonal  to  monoclinic  transformation  in  zirco- 
nia.7  A  similar  result  was  also  obtained  by  Beall14  in  his  study  of  enstatite  glass-ceramics. 
In  contrast  to  the  transformation  in  zirconia  which  has  a  positive  volume  increase  on 
cooling  (3  %  at  950  °C),  the  PE  to  CE  transformation  is  accompanied  by  a  molar  unit  cell 
volume  change  of -5.5%  and  a  unit  cell  shape  change  of  18.3°.8  Bloor  10  associated  this 
PE  to  CE  transformation  with  the  mechanical  degradation  of  steatite  ceramics  whose  ma¬ 
jor  component  was  enstatite.  Kriven  8  point  out  that  the  large  negative  volume  change  and 
unit  cell  shape  change  were  responsible  for  this,  and  indicated  that  this  bei.  vior  was  a 
form  of  "transformation  weakening". 

The  transformation  between  PE  and  OE  is  much  more  sluggish  compared  to  PE 
to  CE.5  Slow  cooling  rates  and  prolonged  annealing  are  required  to  produce  the  order- 


disorder  type  of  transformation  between  OE  and  PE  phase. 

The  phase  transformations  in  enstatite  have  been  comprehensively  studied.  How¬ 
ever,  most  of  work  was  done  on  single  crystals,5*15*16  natural  minerals  2»5  and  synthesized 
polycrystalline  materials.7*9*14  Little  work  has  been  done  on  synthesized  powders,  and  in 
particular,  chemically  synthesized  powder.  Enstatite  powders  have  usually  been  fabricated 
by  a  high  temperature  solid  state  reaction  between  MgO  and  Si02.  Several  previous 
studies  have  shown  the  difficulties  of  obtaining  pure  enstatite  by  solid  state  reaction,  and 
mineralizers  such  as  MgF2  or  LiF  have  been  commonly  used  to  drive  the  reaction  to 
completion.1* 9  Even  with  the  mineralizers,  prolonged  firing  is  still  required  to  form  en¬ 
statite.9  More  recently,  pure,  fine-grained,  enstatite  monoliths  have  been  synthesized  by  a 
sol-gel  method.17  However,  no  detailed  phase  transformation  study  was  made. 

Among  the  chemical  synthetic  processes,  a  modified  version  of  the  Pechini 
process  has  been  demonstrated  to  be  a  quick  and  relatively  easy  method  for  preparing 
oxide  powders.18*19*20  The  advantages  of  this  process  are  that  it  allows  a  low  temperature 
synthesis  of  high  purity,  high  surface  area,  homogeneous  powders  without  the  use  of  ex¬ 
pensive  and  unstable  alkoxides.  Hie  main  purposes  of  the  present  work  were  to  prepare 
enstatite  powder  by  the  modified  Pechini  method  and  to  understand  how  to  control  the  PE 
to  CE  transformation  by  physical  and  chemical  methods,  in  the  chemically  derived  powder. 
The  effects  of  annealing  temperature/time,  initial  powder  particle  size,  shear  stress,  and 
chemical  dopants  (Mn2+,  Na+)  on  the  PE  to  CE  conversion  were  studied  in  detail  using 
XRD,  SEM  and  TEM/EDS. 

n.  Experimental  Procedure 

Enstatite  powder  (MgSi03)  was  prepared  by  a  modified  "Pechini  method".  The 
details  of  the  preparation  method  are  described  in  Fig.  1.  The  precursor  used  for  magne¬ 
sium  was  magnesium  nitrate  hexahydrate  (Aldrich  Chemical  Co.,  Milwaukee,  WI),  silica 
(Si02)  sol  (AS-40,  Ludox  SM,  Dupont  Chemical  Co.,  Wilmington,  DE)  which  contained 


0.08  wt  %  of  sodium  oxide  (Na20),  citric  acid  monohydrate  (EM  Science,  Gibbstown, 

NJ)  and  ethylene  glycol  (Fisher  Chemicals,  Pittsburgh,  PA).  The  decomposition  of  the 
Pechini  prepared,  organic  precursors  was  monitored  by  differential  thermal  analysis  (DTA, 
Model  910,  TA  Instruments  (formerly  Dupont),  Wilmington,  DE)  and  thermogravimetric 
analysis  (TGA,  Model  951,  TA  Instruments  (formerly  Dupont),  Wilmington,  DE)  in  the 
temperature  range  room  temperature  to  1000  °C.  A  heating  rate  of  5  °C/min  was  used  for 
both  analyses.  Powders  calcined  at  temperatures  from  600  °C  to  1100  °C  were  examined 
for  phase  distribution  using  an  X-ray  powder  diffractometer  (XRG  3 100  R-ray  Generator, 
Philips  Electronic  Instruments,  Mahwah,  NJ).  The  surface  area  of  calcined  powders  was 
measured  by  BET  (Model  ASAP  2400,  Micromeritics,  Norcross,  GA)  nitrogen  gas 
adsorption  analysis. 

In  this  study,  two  powders  with  different  particle  sizes  were  prepared  in  order  to 
observe  the  effect  of  initial  powder  particle  size  on  phase  stability.  The  first,  designated  as 
powder  A,  was  calcined  at  900  °C  for  2  h  with  a  heating  rate  of  5  °C/min  and  furnace 
cooling.  The  second,  designated  as  powder  B,  was  as-calcined  powder,  followed  by  5  h  of 
attrition  milling.  Powders  A  and  B  were  annealed  at  temperatures  ranging  from  1000  °C 
tol400  °C  respectively.  The  annealing  time  was  10  h  for  each  temperature,  with  a  heating 
rate  of  10  °C/min  and  furnace  cooling. 

Two  chemical  dopants,  Mn(N03)2  and  Na(N03),  were  used  in  the  precursor. 

The  powder  doped  with  Mn(N03)2  remained  as-calcined,  while  the  powder  doped  with 
Na(N03)  was  attritor  milled  for  5  h  after  calcination.  The  dopants  of  Mn(N03)2  and 
Na(N03)2  were  added  to  the  precursors  at  levels  of  1,  2,  4,  and  6  mol  %  and  1,  3,  5,  and 
10  mol  %,  respectively.  After  calcination  at  900  °C  for  2  h,  the  powders  were  annealed  at 
1400  °C  for  10  h,  respectively. 

The  stress  induced  PE  to  CE  transformation  was  conducted  by  grinding  the 
powders  in  a  mortar  and  pestle  or  in  an  attritor  mill  using  yttria  stabilized  zirconia  (TZP) 
media  (5  mm  diameter,  3  mol  %  Y203  stabilized  Zr02,  Union  Process,  Akron,  OH)  and  a 


high  density  polyethylene  (HDPE)  container.  X-ray  analyses  of  phase  distributions  were 
conducted  on  both  annealed  and  ground  powders.  Semi- quantitative  analyses  using 
integrated  intensity  measurements  from  single  peaks  were  difficult  because  of  the 
complexity  of  the  diffraction  patterns  and  extensive  peak  overlap  for  PE  and  CE.  Hence 
direct  comparison  of  X-ray  traces  was  used  to  obtained  a  qualitative  indication  of  the 
changes  in  the  phase  distribution.  SEM  (Model  ISI-130,  International  Scientific  Instru¬ 
ments,  Santa  Clara,  CA)  and  TEM  (Model  Hitachi  650,  100  KV,  Hitachi  Instruments, 

Inc.,  Conroe,  TX)  was  conducted  on  the  as-annealed  and  ground  powders. 

m.  Results  and  Discussion 

(1)  Phase  Development  on  Calcination 

The  X-ray  spectra  for  the  powder  without  chemical  dopant,  but  calcined  at  tem¬ 
peratures  between  600  °C  and  900  °C  for  2  h  is  given  in  Fig.  2.  At  700  °C  or  below,  the 
XRD  of  the  powder  revealed  MgO  peaks.  As  the  temperature  was  increased  to  800  °C, 
the  MgO  peaks  disappeared  and  an  amorphous  material  was  obtained.  Enstatite  (OE) 
started  to  form  at  850  °C.  The  surface  area  of  calcined  powders  decreased  rapidly  from 
-  85  m2/g  at  700  °C  to  ~15  m2/g  at  850  °C,  as  indicated  in  Fig.  3.  The  powders  tended  to 
aggregate  and  even  to  sinter  at  higher  calcination  temperatures,  thereby  causing  a  drop  in 
surface  area.  The  morphology  of  MgSi03  powder  calcined  at  900  °C  for  2  h  is  shown  in 
Fig.  4.  The  agglomerates  were  highly  porous  and  consisted  of  crystallites  in  the  range  of 
0. 1-0.2  pm  in  size. 

Figs.  5(a)  and  (b)  show  TGA  and  DTA  results  for  the  MgSi03  gel  respectively. 
The  first  weight  loss  in  the  TGA  correlating  with  the  first  exotherm  in  the  DTA  at  about 
300  °C,  as  seen  in  Fig.  5(a)  and  (b)  respectively,  was  thought  to  be  associated  with  the  de¬ 
composition  of  the  gel.  Another  major  weight  loss  occurred  at  about  -480  °C  (Fig.  5(a)), 
which  corresponded  to  the  large  exothermic  DTA  peak  in  Fig.  5(b).  The  exotherm  ob¬ 
served  during  the  large  abrupt  weight  loss  at  480  °C  indicated  that  rapid  de-polymerization 
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and  pyrolysis  may  have  occurred.  Further  weight  loss  at  higher  temperatures  was  attrib¬ 
uted  to  the  removal  of  carbon  formed  during  the  pyrolysis.  The  DTA  analysis  also  re¬ 
vealed  a  small  second  exothermic  peak  at  850  °C,  which  was  exactly  the  temperature  of 
MgSi03  formation  as  indicated  by  X-ray  analysis.  The  TGA  analysis  did  not  show  any 
weight  change  in  this  temperature  stage. 

(2)  Effects  of  Annealing  Temperature/Time 

Fig.  6  shows  the  phase  distribution  for  the  as-calcined  powder  (powder  A)  after 
10  h  of  annealing  at  temperatures  from  1000  °C  to  1400  °C.  The  starting  powder  was 
identified  as  OE  by  X-ray  diffractometry.  After  annealing  at  a  temperature  of  1 150  °C  for 
10  h,  PE  peaks  were  observed  in  XRD  patterns.  PE  to  CE  conversion  took  place  at  1200 
°C.  The  intensity  of  CE  peaks  increased  with  increasing  annealing  temperature.  The  effect 
of  annealing  time  on  the  PE  to  CE  transformation  was  investigated  at  a  temperature  of 
1 150  °C.  A  CE  peak  was  observed  after  annealing  for  30  h  at  this  temperature  stage. 

Fig.  7  is  an  SEM  micrograph  of  the  morphology  of  powder  A  annealed  at  1400  °C 
for  10  h,  in  which  the  agglomerates  were  sintered  to  density.  Cracks  generated  from  the 
PE  to  CE  transformation  were  observed  in  each  individual  large  grain. 

The  temperature  for  the  OE  to  PE  transformation  observed  for  powder  A  was 
consistent  with  previous  reports.  Lee  and  Heuer  reported,7  from  the  study  of  crystalli¬ 
zation  of  MgSi03  glass,  that  PE  formed  at  temperatures  >  1200  °C  and  OE  formed  at 
temperatures  <  1000  °C.  Murakami  et  aL21  found  that  the  OE  to  PE  inversion  proceeded 
at  1000  °C  in  synthetic  specimens.  The  Sarver  and  Hummel 9  work  revealed  that  OE 
inverted  to  PE  at  1035°C,  as  determined  by  high  temperature  X-ray  methods  on  pellets 
prepared  with  2%  LiF  mineralizer.  The  transformation  of  CE  to  PE  was  assumed  to 
occurr  on  cooling.  Early  studies  suggested  that  there  was  a  grain  size  effect  controlling  the 
PE  to  CE  transformation.9’11  The  results  of  the  present  study,  indicating  that  powders 
fired  at  higher  temperatures  produced  more  CE  phase,  were  consistent  with  such  an  effect. 
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(3)  Effects  of  Initial  Powder  Particle  Size 

To  investigate  the  initial  particle  size  effect,  as-calcined  powder  (powder  A)  was 
attritor  milled  for  5  h.  The  attritor-milled  powder  (powder  B),  in  which  the  particle  size 
was  reduced  to  less  than  1  pm,  was  also  annealed  at  the  same  temperatures  and  with  the 
same  heating  and  cooling  conditions  as  for  as-calcined  powder  A.  The  phase  distribution 
for  annealed  powder  B  is  seen  in  Fig.  8.  Only  small  traces  of  PE  were  found  at  a 
temperature  of  1 150  °C.  The  conversion  of  OE  to  PE  was  almost  complete  at  1300  °C, 
and  PE  started  to  invert  to  CE  at  1400  °C.  These  temperatures  were  shifted  upward  by 
150  ~  200  °C  when  compared  with  as-calcined  powders.  The  morphologies  of  as-calcined 
and  attrition  milled  powders  are  shown  in  Fig.  9(a)  and  9(b),  respectively.  As  calcined 
powders  consisted  of  agglomerates  composed  of  tiny  crystallites,  as  seen  in  Figs  9  (a)  and 
4.  During  attrition  the  agglomerates  were  milled  into  tiny  crystallites  (Fig.  9  (b)).  At 
higher  annealing  temperatures  sintering  and  grain  growth  would  be  favored  in  agglomer¬ 
ates,  but  would  be  difficult  in  individually  separated  crystallites.  This  could  explain  the 
higher  annealing  temperature  for  phase  conversion  in  attritor  milled  powders.  A  particle 
size  effect  controlling  the  onset  of  transformation  was  observed  in  dicalcium  silicate 
(Ca2Si04).22>23  The  results  of  the  present  study  were  consistent  with  such  an  effect. 

(4)  Effects  of  Chemical  Dopants 

The  effects  of  Mn2+  versus  Na+  dopants  on  the  phase  stability  of  enstatite  were 
completely  different  from  each  other.  As  seen  in  Fig.  10,  the  stability  of  PE  increased  with 
increasing  of  Mn2+  dopant  in  as-calcined  powder  A,  at  the  expense  of  CE.  With  1  mol  % 
Mn2+,  the  amount  of  PE  to  CE  conversion  was  significantly  reduced,  while  with  2  mol  % 
or  more  Mn2+,  the  CE  peaks  almost  disappeared. 

Sarver  and  Hummel  9  found  that  1-2  mole  %  Mn2+  in  solid  solution  with  MgSi03 
stabilized  PE  in  a  dense  bar  specimen.  However,  the  same  amount  of  Mn2+  in  MgSi03  did 
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not  stabilize  PE  in  loose  powders  prepared  by  solid  state  reaction.  Our  current  results  indi¬ 
cated  that  the  1  ~  2  mole  %  Mn2+  in  solid  solution  with  chemically  derived  MgSi03  pow¬ 
der  significantly  inhibited  the  PE  to  CE  transformation. 

In  comparison,  as  shown  in  Fig.  1 1,  the  stability  of  PE  decreased  with  the 
increasing  levels  ofNa+ dopant  in  attritor  milled  powder  B.  For  the  powder  containing  1 
mol  %  Na+,  the  pure  PE  was  obtained  after  the  powder  was  annealed  at  1400  °C  for  10  h. 
When  the  powder  was  doped  with  3  mol  %  or  more  Na+,  PE  to  CE  conversion  was 
obvious.  The  intensity  of  CE  peaks  increased  with  the  amount  of  Na+. 

Thus  the  Mn2+  dopant  increased  the  stability  of  PE  against  conversion  to  CE, 
while  Na+  decreased  its  stability.  The  mechanism  of  Na+  and  Mn2+  effects  on  PE  stability 
was  further  examined  by  TEM. 

(5)  Effects  of  Shear  Stress 

The  transformation  of  PE  to  CE  is  markedly  susceptible  to  the  influence  of  stress. 
In  fact,  CE  has  been  claimed  as  a  "stress  mineral",  in  the  sense  that  its  formation  is  greatly 
facilitated  by  the  presence  of  shear  stress  and/or  strain.24  Shear  stress  induced  PE  to  CE 
conversion  for  as-calcined  powder  without  chemical  dopants  is  demonstrated  in  Fig.  12. 
Both  attritor-milling  for  1  h,  or  grinding  by  hand  in  a  mortar  and  pestle,  produced  the  PE 
to  CE  transformation.  The  amount  of  stress  induced  CE  increased  with  increasing 
annealing  temperature.  For  the  same  annealing  temperature  and  heating  and  cooling 
conditions,  it  was  more  difficult  to  shear  stress  induce  the  PE  to  CE  conversion  in  the 
powder  doped  with  Mn2+  than  in  the  powder  doped  with  Na+.  Thus,  the  dopant  effects 
were  also  reflected  in  the  shear  stress  induced  transformation  behavior. 
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(6)  TEM  Observations 

(A)  Powders  without  Dopant.  The  MgSi03  powder  calcined  at  1100  °C  for  10  h 
contained  agglomerates  of  submicon-size  grains,  typically  0. 1-0.2  jim  in  diameter.  Their 
shapes  were  mostly  irregular  to  semi-regular.  Even  though  XRD  of  this  powder  indicated 
a  major  phase  of  OE  (Fig.  2),  TEM  examination  of  the  individual  grains  frequently  re¬ 
vealed  the  presence  of  a  stacking  disorder  composed  of  OE  and  PE  layers  as  seen  in 
Fig.  13  (a).  The  strong  streaking  in  the  corresponding  selected  area  diffraction  pattern 
(SADP)  indicated  that  the  stacking  disorder  was  perpendicular  to  the  { 100}  planes  of  OE 
and  PE. 

The  MgSi03  powder  calcined  at  1150  °C  for  10  h  had  a  few  large  grains  of  wider 
size  range,  typically  0.2  -  0.5  jim.  Their  shapes  were  more  regular  than  those  calcined  at 
1100  °C.  XRD  of  this  powder  indicated  a  major  phase  of  PE  (Fig.2),  whereas  TEM 
examination  showed  that  some  smaller  grains  had  a  stacking  disorder  similar  to  the  one 
observed  in  the  powder  calcined  at  1 100  °C.  The  [010]  SADP  of  a  larger  grain  in  Fig.  13 
(c)  and  (d)  illustrated  the  presence  of  a  single  phase,  PE.  In  addition,  forsterite  grains 
(Mg2Si04)  were  occasionally  observed  in  this  powder. 

The  grains  from  the  MgSi03  powder  calcined  at  1400  °C  for  10  h  were  much 
larger,  and  mostly  larger  than  1  pm.  Although  some  grains  were  CE,  more  grains  had 
stacking  disorders  mainly  composed  of  PE  and  CE.  The  CE  portions  were  frequently 
twinned.  Figs.  14  (a)  and  (b)  displayed  a  BF  image  and  corresponding  [010]  SADP, 
indicating  the  coexistence  of  PE  and  twinned  CE  phases.  The  stepped  microstructure, 
which  seemed  to  be  responsible  for  the  discontinuous  rings  shown  in  the  SADP,  possibly 
originated  from  the  displacive  PE  to  CE  transformation.  Another  large  grain  (Fig.  14  (c)), 
had  a  severe  stacking  disorder  composed  of  PE  layers  and  twinned  CE  layers  in  slightly 
different  orientation,  which  was  more  evidently  reflected  in  the  corresponding  SADP 
(Fig.  14(d)). 

(B)  Powders  with  Dopant.  As  explained  for  the  XRD  results,  enstatite  powders 
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doped  with  Mn2+  tended  to  stabilize  the  PE  phase  against  conversion  to  CE.  The  MgSi03 
powders  with  4  mol  %  Mn2+,  calcined  at  1400  °C  for  10  h,  had  primarily  PE  grains  of  a 
wide  size  range,  mostly  larger  than  0.5  pm  Figs.  15(a)  and  (b)  show  such  a  grain  of  PE 
and  its  [100]  SADP.  EDS  analysis  of  this  grain  indicated  that  Mn2+  was  present  in  solid 
solution  with  Mg2+  (Fig.  15(c)). 

In  contrast  to  Mn2+,  Na+  doping  destabilized  the  PE  phase.  TEM  examination  of 
the  enstatite  powders  with  10  mol  %  Na+,  calcined  at  1400  °C  for  10  h,  revealed  large 
grains  (  >1  pm )  of  CE  as  well  as  some  glassy  phase  and  forsterite  grains.  Some  CE  grains 
appeared  as  slightly  disordered  rectangles  with  linear  features  in  them  An  example  is 
shown  in  Fig.  16  (a)  and  (b),  with  its  SADP.  EDS  of  these  CE  grains  indicated  that  there 
was  no  Na+  inside  the  grains  (Fig.  16(c)).  The  glassy  phase,  however,  contained  more  Na+ 
and  less  Mg2+  than  expected  (Figs.  17  (a)  and  (b)).  The  very  difiuse  ring  patterns  of  the 
amorphous  phase  turned  into  more  distinct  ring  patterns  under  electron  beam  induction, 
possibly  due  to  microcrystallization  of  the  glassy  phase  (Fig.  17  (c)  and  (d)). 

From  TEM  observation,  the  effects  of  Na+  ions  on  the  conversion  of  PE  to  CE 
may  be  examined  in  the  light  of  Bloor  and  others'  early  work.  Bloor10  found  that  PE 
crystals  needed  a  glassy  phase  before  they  could  grow  appreciably.  He  found  that  a  glass 
composed  of  Mg0-Ba0-Al203-Si02  provided  less  crystal  growth  than  did  one  of  MgO- 
Ca0-Al2O3-SiO2,  with  or  without  BaO.  According  to  phase  diagrams,  CaO  produces  a 
glassy  phase  at  an  earlier  stage  in  firing  than  does  BaO,  thereby  allowing  more  time  for 
crystal  growth.  However,  the  studies  in  Ca2Si04  are  apparently  contrary  to  this  argument. 
From  the  work  of  Chan  et  aL,23  it  was  found  that  doping  of  K20  in  Ca2Si04  caused  the 
formation  of  glassy  phase  which  surrounded  Ca2Si04  grains,  resulting  in  metastable  re¬ 
tention  of  P-phase  at  room  temperature.  The  increased  stability  of  P-phase  was  explained 
as  the  glass  exerting  a  hydrostatic  constraining  force  on  the  particle.  Crystallization  of 
glassy  phase  by  low  temperature  annealing  released  this  constraining  force  and  permitted 
the  transformation  to  occur.  Contrary  to  the  shear  stress  induced  by  mechanical  grinding, 
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hydrostatic  pressure  favored  the  stabilization  of  (3-phase,  as  reviewed  by  Guinier  and 
Regourd.25 

The  difference  between  the  (3  ->  y  conversion  in  Ca2Si04  when  compared  to  the 
PE  ->  CE  transformation  in  MgSi03  is,  that  the  former  experienced  a  volume  increase, 
while  the  later  experienced  a  volume  shrinkage.  The  hydrostatic  force  from  the  glassy 
phase  constrained  the  phase  transformation  with  a  volume  expansion,  but,  it  assisted  the 
phase  transformation  with  a  volume  contraction.  Thus,  the  glass  may  have  a  dual  role  in 
enhancing  grain  growth  as  well  as  to  provide  a  hydrostatic  constraining  force  around  PE 
particles.  Both  effects  work  to  destabilize  PE.  In  comparison,  the  stabilization  of  PE  by 
the  dopant  Mn2+  was  assumed  by  Sarver  and  Hummel 9  to  be  due  to  preferential 
substitution  of  the  larger  Mn2+  ions  (r  =  0.91  A)  for  Mg2+  ions  (r  =  0.78  A),  which 
retarded  the  PE  to  CE  transformation. 

IV.  Conclusion 

In  contrast  to  MgSi03  produced  from  mixed  oxide  powders,  pure  enstatite  has 
been  prepared  by  a  relatively  simple  chemical  method.  By  this  method,  OE  can  be  pro¬ 
duced  at  a  relatively  low  firing  temperature  of  850  °C.  The  effects  of  annealing  tempera¬ 
ture/time,  initial  particle  size,  chemical  dopants  and  shear  stress  on  the  conversion  of  PE 
to  CE  have  been  studied  in  the  chemically  prepared  powders. 

The  temperatures  at  which  OE  to  PE  and  PE  to  CE  conversions  occur  were  dis¬ 
covered  to  be  significantly  influenced  by  the  initial  powder  particle  size.  As-calcined 
powder  showed  that  large  agglomerate  particles  tended  to  sinter  and  undergo  grain 
growth  upon  firing,  and  thus  the  phase  conversion  of  OE  to  PE  and  PE  to  CE  occurred  at 
much  lower  temperatures.  On  the  other  hand,  attritor-milled  powder,  in  which 
agglomerates  were  separated  into  fine  crystallites,  required  much  higher  temperatures  for 
transformation.  The  fact  that  powders  fired  at  higher  temperatures  produced  more  CE, 
indicated  that  a  grain  size  dependence  operated  for  the  PE  to  CE  transformation.  Sodium 


ions  (Na+)  were  discovered  to  destabilize  the  PE  phase  through  the  presence  of  a  glassy 
phase  which  enhanced  grain  growth,  and  provided  a  hydrostatic  force  assisting  the 
imminent  volume  contraction  on  transformation.  Thus,  the  role  of  the  glassy  phase  may  be 
looked  upon  as  a  physical  effect  on  the  transformation,  as  was  demonstrated  for  Ca2Si04. 

In  comparison,  manganese  ions  (Mn2+)  were  found  to  stabilize  the  PE  phase 
through  the  preferential  substitution  of  larger  Mn2+  ions  for  Mg2+  ions,  which 
discouraged  the  PE  to  CE  conversion.  This  effect  may  be  viewed  as  chemical 
stabilization. 

TEM  observations  revealed  stacking  disorder  of  PE  and  CE,  and  twinned  CE 
grains  due  to  the  PE  to  CE  conversion. 
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Figure  Captious: 


Fig.  1.  Flow  diagram  showing  the  processing  route  for  MgSi03  powder. 

Fig.  2.  XRD  phase  distribution  for  the  MgSi03  gel  without  chemical  dopants  after 
calcination  at  different  temperatures  for  2  h  (0  =  OE). 

Fig.  3.  Surface  areas  of  undoped  MgSi03  powders  calcined  in  the  temperature  range  700 
°C  to  1000  °C. 


Fig.  4.  SEM  micrograph  of  MgSi03  powder  derived  from  the  modified  Pechini  method 
and  calcined  at  900  °C  for  2  h. 

Fig.  5.  Thermal  analysis  of  MgSi03  gel  prepared  by  the  Pechini  method  (a)  TGA  (b)  DTA. 

Fig.  6.  XRD  phase  distribution  in  powder  A,  after  annealing  for  10  h  at  temperatures 
ranging  from  1 100  °C  to  1400  °C  (O  =  OE,  P  =  PE,  and  C  =  CE). 

Fig.  7.  SEM  micrograph  of  MgSi03  powder  calcined  at  900  °C  for  2  h,  followed  by  an¬ 
nealing  at  1400  °C  /or  10  h. 

Fig.  8.  XRD  phase  distribution  in  attritor  milled  powder  B  after  annealing  at  temperatures 
ranging  from  1 100  °C  to  1400  °C  for  10  h  (O  =  OE,  P  =  PE). 

Fig.  9.  (a)  SEM  micrograph  of  MgSi03  powder  calcined  at  900  °C  for  2  h  (powder  A),  (b) 
The  same  powder  after  5  h  of  attrition  milling  (powder  B). 


Fig.  10.  XRD  phase  distributions  in  as  calcined  powder  A,  with  different  Mn2+  contents, 
after  calcination  at  1400  °C  for  10  h  (C  =  CE,  P  =  PE). 

Fig.  1 1.  XRD  phase  distributions  in  attritor  milled  powder  B,  with  different  Na+  contents 
after  calcination  at  1400  °C  for  10  h  (P  =  PE,  C  =  CE). 

Fig.  12.  XRD  phase  distributions  showing  shear  stress  induced  PE  to  CE  conversion  for 
powder  A  annealed  at  1400  °C  for  10  h  after  calcination  (P  =  PE,  C  =  CE). 

Fig.  13.  TEM  of  image  as-calcined  powder  A  which  was  annealed  at  low  temperatures 
without  dopant,  (a)  BF  image  indicating  a  stacking  disorder  composed  of  OE  and  PE 
layers  for  powder  annealed  at  1 100  °C  for  10  h.  (b)  SADP  of  (a),  (c)  BF  image  of  PE  in 
the  powder  annealed  at  1 150  °C  for  10  h.  (d)  SADP  of  (c). 

Fig.  14.  TEM  image  of  MgSi03  without  chemical  dopant,  and  annealed  at  1400  °C  for  10 
h.  (a)  BF  image,  (b)  SADP  of  (a)  in  the  [010]  orientation,  indicating  coexisting  PE  and 
twinned  CE  (arrowed),  (c)  Stacking  disorder  composed  of  PE  and  twinned  CE.  (d)  SADP 
of(c). 

Fig.  15.  TEM  image  of  MgSi03  powder  doped  with  4  mol  %  Mn2+  and  annealed  at  1400 
°C  for  10  h.  (a)  BF  image  showing  a  PE  grain,  (b)  Corresponding  SADP  in  [100]  orienta¬ 
tion.  (c)  EDS  analysis  indicating  Mn2+  present  as  a  solid  solution  with  Mg2+. 

Fig.  16.  TEM  image  of  MgSi03  powder  doped  with  10  mol  %  Na+  and  annealed  at  1400 
°C  for  10  h.  (a)  BF  image  of  CE  grain  showing  slightly  distorted  rectangles  with  linear 
features  in  the  grain,  (b)  Corresponding  SADP  in  [100]  orientation,  (c)  EDS  analysis  indi¬ 
cating  that  there  was  no  Na+  inside  the  grain. 
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Fig  17.  TEM  image  of  glassy  phase  found  in  attritor  milled  powder  B  doped  with  10  mol 
%  Na+.  (a)  BF  image  of  glassy  phase,  (b)  EDS  analysis  indicating  Na+  in  the  glassy  phase, 
(c)  Glassy  phase  diffuse  ring  SAD  patterns,  (d)  Crystallization  of  the  amorphous  phase 
under  electron  beam  irradiation. 


Fig.  1.  Flow  diagram  showing  the  processing  route  for  MgSi03  powder. 
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Fig.  2.  XRD  phase  distribution  for  the  MgSi03  gel  without  chemical  dopants  after 
calcination  at  different  temperatures  for  2  h  (0  =  OE). 
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Fig.  4.  SUM  micrograph  of  MgSi03  powder  derived  from  the  modified  Pcchini  method 
and  calcined  at  900  °C  for  2  h. 
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Fig.  6.  XRD  phase  distribution  in  powder  A,  after  annealing  for  10  h  at  temperatures 
ranging  from  1 100  °C  to  1400  °C  (O  =  OE,  P  =  PE,  and  C  =  CE). 


Fig.  7.  SEM  micrograph  of  MgSi03  powder  calcined  at  900  °C  for  2  h,  followed  by  an¬ 
nealing  at  1400  °C  for  10  h. 
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Fig.  8.  XRD  phase  distribution  in  attritor  milled  powder  B  after  annealing  at  temperatures 
ranging  from  1 100  °C  to  1400  °C  for  10  h  (O  =  OE,  P  =  PE). 


Fig.  9.  (a)  SEM  micrograph  of  MgSi03  powder  calcined  at  900  °C  for  2  h  (powder  A),  (b) 
The  same  powder  after  5  li  of  attrition  milling  (powder  B). 


Fig.  10.  XRD  phase  distributions  in  as  calcined  powder  A,  with  different  Mn2+  contents, 
after  calcination  at  1400  °C  for  10  h  (C  =  CE,  P  =  PE). 
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•  Fig.  11.  XRD  phase  distributions  in  attritor  milled  powder  B,  with  different  Na+  contents 

after  calcination  at  1400  °C  for  10  h  (P  =  PE,  C  =  CE). 
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Fig.  12.  XRD  phase  distributions  showing  shear  stress  induced  PE  to  CE  conversion  for 

powder  A  annealed  at  1400  °C  for  10  h  after  calcination  (P  =  PE,  C  =  CE).  • 
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Fig.  13.  TEM  of  image  as-calcined  powder  A  which  was  annealed  at  low  temperatures 
without  dopant,  (a)  BF  image  indicating  a  stacking  disorder  composed  of  OE  and  PE 
layers  for  powder  aunealed  at  1 100  °C  for  10  h.  (b)  SADP  of  (a),  (c)  BF  image  of  PE  in 
the  powder  annealed  at  1150  °C  for  10  h.  (d)  SADP  of  (c). 


Fig.  14.  1  EM  image  of  MgSi03  without  chemical  dopant,  and  annealed  at  1400  °C  for  10  ® 

h.  (a)  BF  image,  (b)  SADP  of  (a)  in  the  [010]  orientation,  indicating  coexisting  PE  and 

twinned  CE  (arrowed),  (c)  Stacking  disorder  composed  of  PE  and  twinned  CE.  (d)  SADP 

of  (c).  • 
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fig  15.  ELM  image  of  MgSi03  powder  doped  with  4  mol  °o  Mn2+  and  annealed  at  1400 
°C  for  10  h.  (a)  FiF  image  showing  a  PE  grain,  (b)  Corresponding  SADP  in  [100]  orienta¬ 
tion.  (c)  EDS  analysis  indicating  Mn2+  present  as  a  solid  solution  with  Mg2+. 
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Fig.  16.  TEM  image  of  MgSi03  powder  doped  with  10  mol  %  Na+  and  annealed  at  1400 
°C  for  1 0  h.  (a)  BF  image  of  CE  grain  showing  slightly  distorted  rectangles  with  linear  .. 
features  in  the  grain,  (b)  Corresponding  SADP  in  [100]  orientation,  (c)  EDS  analysis  indi- 
catinn  that  there  was  no  Na+  inside  the  grain. 
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Fig  17.  TCM  image  of  glassy  phase  found  in  attritor  milled  powder  B  doped  with  10  mol 
%  Na+.  (a)  BF  image  of  glassy  phase,  (b)  EDS  analysis  indicating  Na+  in  the  glassy  phase, 
(c)  Glassy  phase  diffuse  ring  SAD  patterns,  (d)  Crystallization  of  the  amorphous  phase 


under  electron  beam  irradiation. 
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The  Pechini  process  was  used  to  produce  high-purity, 
monocalcium  aluminate  (CaAljOJ  powders  at  tempera¬ 
tures  as  low  as  900*C.  Absorption  spectrometry  and  BET 
measurements  revealed  particles  with  sizes  ranging  from 
submicrometer  to  100  pm,  with  specific  surface  areas  as 
high  as  10  mVg.  Auger  electron  spectrometry  (AES)  was 
used  to  study  the  progressive  elimination  of  surface  carbon 
from  the  organic  burnout  as  a  function  of  temperature.  The 
growth  kinetics  of  calcium  aluminate  crystallites  from  a 
polymeric  precursor  were  studied  during  calcination  as  a 
|  function  of  temperature,  using  transmission  electron 
!  microscopy  (TEM).  At  the  early  stages  of  crystallization,  the 

activation  energy  for  crystallite  growth  was  found  to  be  118 
kj/mol.  This  is  substantially  less  than  the  356  kj/mol  pre¬ 
viously  reported.  A  growth  kinetic  exponent  of  n  —  1.68 
was  determined  for  the  amorphous-to-crystalline  transfor¬ 
mation  in  the  temperature  range  700°  to  850°C.  These  val¬ 
ues  were  consistent  with  growth  by  short-range  diffusion. 

I.  Introduction 

I 

ALCIUM  aluminates  have  long  been  known  as  a  refractory 
mixed  oxide  in  the  steel  industry  and  as  a  hydraulic  mate- 
|  rial  in  the  cement  community.  In  recent  years  new  applications 
|  for  calcium  aluminates  have  emerged  in  optical  and  structural 
i  ceramics.  Some  amorphous  calcium  aluminate  compositions 
,  are  photosensitive,  and  hence  potential  candidates  for  optical 
information  storage  devices. u  They  also  have  very  desirable 
infrared  (IR)  transmission  properties  for  optical  fiber  applica¬ 
tions.  Crystalline  calcium  aluminates  are  used  in  high-strength 
and  high-toughness  ceramic-polymer  composite  materials.’ 4 

Conventionally,  monocalcium  aluminate  powders  are  pro¬ 
duced  by  solid-state  reactions  between  calcia  (CaO),  or  calcium 
carbonate  (CaC03)  and  alumina  (A1203)  powders  at  tempera- 
,  tures  in  excess  of  1400°C.  Powders  produced  by  this  method 

j  typically  have  very  low  specific  surface  areas  (<  1  mVg).3 6  The 

i  completion  of  such  reactions  depends  on  the  particle  size,  spe- 

Icific  surface  area,  and  the  mixing  of  the  reactant  powders.  Even 
after  repeated  firing-grinding  cycles  to  eliminate  all  of  the  unre- 
(  acted  material,  the  product  batch  frequently  contains  undesir- 

j  able  CaAI407,  Ca,2AI|4033,  and  starting  reactants.  The  kinetics 

•  of  the  pertinent  high-temperature  solid-state  reactions  in  the 

i  CaO-AljOj  system  have  been  studied  in  some  detail  by  Weis- 

j  weiler  et  aV  and  by  Singh  et  al*  When  a  1:1  mixture  of  CaO 

t  and  A1203  was  heated  to  the  temperature  range  1200-1400°C, 
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all  of  the  thermodynamically  stable  phases,  i.e.,  Ca3Ai204. 
Cal2All4033,  CaAl204,  CaAl40„  and  CaAlt20„,  were  initially 
formed.*9  A  single-phase  monocalcium  aluminate  was  pro¬ 
duced  only  after  a  prolonged  reaction  time  at  high  temperatures 
in  a  batch  that  was  proportioned  for  CaAl204.  The  formation 
sequence  of  phases  in  these  mixtures  was  always  from  calcia- 
rich  phases  to  the  proportioned  phase.  For  example,  when  the 
starting  mix  was  prepared  for  CaAl407(Ca0: A1203  =  1 :2),  ini¬ 
tially  CaAl204  formed  in  large  amounts  which,  with  time  and 
temperature,  converted  to  CaAl407.'° 

Uberoi  and  Risbud,"  and  Goktas  and  Weinberg,1  synthesized 
amorphous  calcium  aluminate  powders  using  chemical  pro¬ 
cessing  techniques.  The  powder  produced  by  the  former  was 
prepared  with  aluminum  di-rec-butoxide  acetoacetic  ester  che¬ 
late  (A1(OC4H,)2(C4H,Oj))  and  calcium  nitrate  (Ca(N03)2)  pre¬ 
cursors  in  a  composition  adjusted  for  Cal2All4033  synthesis. 
When  calcined  below  900°C,  these  powders  proved  to  be  X-ray 
amorphous  and  had  high  surface  areas.  Goktas  and  Weinberg1 
used  aluminum  sec-butoxide  as  an  aluminum  ion  source  and 
calcium  nitrate  tetrahydrate  as  the  calcium  ion  source.  Roy 
et  al.11  prepared  CaAl204  by  evaporative  decomposition  of  a 
solution  made  from  calcium  and  aluminum  nitrate  precursors. 
After  a  heat  treatment  at  900°C  for  less  than  1  h,  crystalline 
CaAl204  was  obtained.  However,  the  powders  thus  produced 
were  not  fully  characterized  in  terms  of  specific  surface  area, 
particle  size  distribution,  morphology,  purity,  etc.  To  date,  there 
have  been  no  attempts  made  to  understand  the  kinetics  of  crys¬ 
tallite  formation  from  the  amorphous  precursors  in  chemically 
derived  calcium  aluminates. 

Crystal  growth  has  been  studied  extensively  in  some  ceramic 
and  metallic  systems.  The  formal  theory  of  growth  kinetics  can 
be  found  in  the  literature.13"’*  Briefly,  the  kinetics  of  isothermal 
growth  are  described  by  the  phenomenological  rate  equation 

G"  -  GS  =  K^expi-EJRD  (1) 

where  n  is  the  growth  kinetic  exponent,  G  is  the  average  crys¬ 
tallite  size  at  time  t,  G0  is  the  nucleus  size,  and  K0  is  the  temper¬ 
ature-independent  rate  constant  and  includes  frequency  and 
geometric  factors  as  well  as  entropy  terms.  £,  is  the  activation 
energy  for  the  growth  process.  R  and  T  are  the  universal  gas 
constant  and  the  absolute  temperature,  respectively.  Taking  the 
time  derivative  of  G  for  constant  n  gives  the  reaction  rate,  q. 
The  activation  energy  E,  can  be  then  determined  from  the  plot 
of  ln(q)  vs  1/T. 

In  (<?)  =  In  (AT,,)  -  {EJR){\/T)  (2) 

The  crystallite  growth  kinetic  exponent,  n,  and  the  activation 
energy,  E„  are  the  most  descriptive  parameters  of  the  growth 
process.  Determining  these  two  parameters  is  crucial  in 
obtaining  information  about  the  type  of  boundary  migration, 
and  specific  mass  transport  mechanism  during  isothermal 
annealing. 

In  a  pure  single-phase  material  having  two  grains  in  contact 
with  each  other,  theoretical  considerations  assume  the  follow¬ 
ing:  (1)  that  a  pressure  difference  arises  as  a  result  of  the  curva¬ 
ture  of  the  boundary;  (2)  one  of  the  grains  grows  at  the  expense 
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of  the  other,  due  to  transfer  of  atoms  across  the  boundary;  and 
(3)  the  driving  force  for  atomic  migration  is  the  chemical  poten¬ 
tial  difference  caused  by  the  pressure  gradient  across  the  bound¬ 
ary.14  Under  these  conditions,  the  boundary  will  move  toward 
its  center,  with  a  growth  kinetic  exponent  of  n  =  2.  The  width 
of  the  boundary  is  taken  to  be  constant  during  the  growth 
process.14,37 

In  this  paper,  a  chemical  preparation  route  is  outlined  for  sin¬ 
gle-phase,  high-purity,  and  high-specific-surface-area  monocal¬ 
cium  aluminate.  The  product  powders  are  fully  characterized 
(phase  distribution,  specific  surface  area,  particle  size  distribu¬ 
tion,  and  morphology).  Equations  (1)  and  (2)  are  used  to  ana¬ 
lyze  the  growth  kinetics  of  calcium  aluminate  crystallites  from 
a  chemically  derived  amorphous  matrix.  Comparison  is  made 
with  the  conventional  solid-state  reaction  method. 

II.  Experimental  Procedure 

( 1 )  Powder  Preparation 

The  powders  were  synthesized  from  Ca(N03)2-4H20 
(reagent  grade,  EM  Science,  Gibbstown,  NJ)  and  A1(NOj)3- 
9H,0  (reagent  grade,  Aldrich  Chemical  Co.,  Milwaukee,  WI). 
A  Pechini-type  process  was  employed  to  prepare  the  polymeric 
precursors.317 40  For  each  precursor,  nitrate  salts  corresponding  to 
a  20-g  yield  of  monocalcium  aluminate  were  dissolved  in  100 
mL  of  deionized  water.  Citric  acid  monohydrate  (60  wt%>- 
ethylene  glycol  (40  wt%)  resin  was  added  to  the  mixture.  The 
resulting  solution  was  heated  and  stirred  until  a  crisp  aerated  gel 
formed.  The  gel  was  finely  ground  and  calcined  in  air  at  various 
temperatures  and  times.  For  each  mixture,  the  resin  content,  Rc, 
of  the  gel  was  defined  as 

Rc  -  wt%  resin  content  =  100  X  j  — ; — — j  (3) 

["reiif.  +  ”oxkleJ 

where  Wmiac  is  the  weight  of  the  final  product  calculated  from 
the  known  weight  of  precursors  used.  is  the  weight  of  the 
resin.  This  definition  avoids  the  problems  of  determining  both 
the  moisture  content  of  the  gel  prior  to  calcination  and  pro¬ 
cessing  yield.  Each  calcination  batch  was  heated  to  the  specified 
temperature  at  a  rate  of  5°C/min,  annealed  at  this  temperature 
for  the  specified  time,  and  furnace  cooled  to  room  temperature. 

(2)  Powder  Characterization 

(A)  X-ray  Diffraction  Analysis:  The  phase  distribution  in 
the  powders  was  analyzed  as  a  function  of  calcination  tem¬ 
perature,  resin  content,  and  calcination  time,  using  a 
Rigaku  spectrometer  (DMax  automated  powder  diffractom¬ 
eter,  Rigaku/USA,  Danvers,  MA)  and  CuXa  radiation  (40 
kV,  40  mA). 

(B)  Thermal  Analyses:  Pyrolysis  of  the  ground  gel  sam¬ 
ples  of  15  mg  with  different  resin  content  was  monitored  by  dif¬ 
ferential  thermal  analysis  (DTA)  (Model  910,  TA  Instruments, 
formerly  Du  Pont,  Wilmington,  DE)  at  a  rate  of  10°C/min.  The 
decomposition  of  selected  gels  was  studied  by  simultaneous 
differential  thermal  analysis  and  thermogravimetric  analysis 
(DTA/TGA)  (Model  STA  409,  Netzsch  GmbH,  Selb,  Ger¬ 
many)  at  5°C/min. 

(C)  Specific  Surface  Area  Measurements:  The  effect  of 
resin  content,  calcination  time,  and  temperature  on  the  specific 
surface  area  of  powders  was  studied  by  nitrogen  gas  adsorption 
(Model  ASAP  2400,  Micromeritics,  Norcross,  GA).  The  sur¬ 
face  area  data  were  obtained  by  five-point  BET  analysis. 

(D )  Particle  Size  Distribution  Analyses:  The  particle  size 
distribution  of  powders  was  studied  using  a  Laser  absorption 
spectrometer  (Sedigraph  Model  5000E,  Micromeritics).  The 
powders  were  suspended  in  a  calibrated  dispersing  liquid  (Sed- 
isperse  A- 12,  Micromeritics).  The  suspension  was  sonically 
agitated  with  a  quartz  tip  ultrasonic  processor  (Heat  System 
Model  W385,  Farmingdale.  NY)  for  5  min  before  analysis. 


(E)  Auger  Electron  Spectroscopy:  The  residual  carbon 
content  of  powders  calcined  at  800°,  900°,  and  1000°C  for  3  h 
was  studied  by  auger  electron  spectroscopy  (AES)  (Model 
PHI660  SA  Multiprobe,  Perkin-Elmer,  Eden  Prairie,  MN).  AES 
is  a  surface-sensitive  technique  which  can  give  semiquantita- 
tive  analysis  of  the  first  few  atomic  layers  on  metals,  ceramics, 
or  thin  films.  When  used  in  conjunction  with  sputtering  it  can 
perform  semiquantitative  depth  profiling  for  major  elemental 
species,  including  light  elements  such  as  carbon,  which  are 
present  in  amounts  above  1  atom%.  The  AES  analyses  were 
made  in  the  kinetic  energy  range  50  to  600  eV.  C{KLL),  Al,,„„r 
and  Ca,^*)  auger  peaks  were  monitored.  The  incident  electron 
beam  energy  was  3  kV.  The  thickness  of  the  impurity  layer  was 
determined  by  carbon  depth  profiling.  Sputtering  of  the  surface 
layers  was  achieved  by  argon  ion  bombardment  at  a  current  of 
45  mA/cm2  (3  kV).  Between  the  sputter  cleaning  process  steps, 
the  amount  of  residual  carbon  was  monitored  by  AES. 

(F)  Electron  Microscopy:  The  morphology,  internal 
microstructure,  and  microchemistry  of  powders  were  studied  by 
scanning  and  transmission  electron  microscopy  (SEM  and 
TEM).  SEM  samples  were  prepared  by  sprinkling  the  powders 
onto  aluminum  stubs,  followed  by  carbon  coating.  For  TEM, 
holey  formvar  films  were  supported  on  copper  grids.  A  drop  of 
powder  suspended  in  isopropyl  alcohol  was  deposited  on  the 
film,  dried,  and  carbon  coated.  The  SEM  (ISI DS-130,  Interna¬ 
tional  Scientific  Instruments,  Santa  Clara,  CA)  was  operated  at 
10  kV  and  the  TEM  at  120  kV  (Philips  EM  420,  Philips  Instru¬ 
ments,  Inc.,  Mahwah,  NJ).  Both  were  equipped  with  energy  dis¬ 
persive  spectroscopy  facilities  (EDS)  (Tracor  Nothem  TN2000, 
Middleton,  WI  (on  SEM),  EDAX  PV  9900,  EDAX  Interna¬ 
tional,  Inc.,  Prairie  View,  IL  (on  TEM)).  Crystallite  sizes  were 
measured  from  dark-field  (DF)  and  bright-field  (BF)  TEM 
images.  The  reported  values  represent  the  average  of  about  20 
of  the  largest  crystallite  diameters  in  each  case. 

III.  Results 

(1)  Phase  Distribution 

Control  over  the  phase  distribution  in  the  powders  was 
achieved  by  optimizing  the  processing  parameters  such  as  resin 
content,  time,  temperature,  and  furnace  atmosphere  during 
calcination.  In  powders  calcined  at  900°C  or  higher  for  3  h,  the 
amount  of  resin  in  the  starting  solution  had  no  significant  effect 
on  the  phase  distribution  for  resin  contents  of  50  to  92.5  wt%. 
Single-phase  CaAl204  powders  were  always  obtained.  For  pre¬ 
cursors  with  less  than  50  wt%  resin,  other  phases,  i.e.,  Ca3Al2Ot 
and  CaAl407,  coexisted  with  the  CaAl204  phase.  The  effects  of 
temperature  and  time  of  calcination,  and  the  furnace  atmo¬ 
sphere,  are  shown  in  Figs.  l(a,b)  and  2.  Powders  calcined  at 
800°C  or  below  were  X-ray  amorphous,  while  above  800°C  the 
powders  were  crystalline  (Fig.  1  (a)).  However,  TEM  analysis 
showed  that  powders  calcined  below  800°C  contained  some 
microcrystalline  particles.  The  effect  of  calcination  time  is  seen 
in  Fig.  1(b)  for  powders  annealed  at  900°C  in  a  closed  box  fur¬ 
nace.  Initially,  only  CaAl407  peaks  were  observed  in  the  X-ray 
spectrum.  With  increased  calcination  time  CaAl204  X-ray 
peaks  appeared  with  simultaneous  decrease  in  CaAl407  X-ray 
intensity.  After  3  h  of  calcination  at  900°C,  the  X-ray  diffrac¬ 
tion  pattern  consisted  mainly  of  CaAI204  peaks.  The  initial  for¬ 
mation  of  CaAl407  was  mostly  suppressed  when  a  constant  air 
flow  (0.6  mL  of  air/(g  of  precursor))  was  introduced  into  the 
furnace  atmosphere  during  calcination,  as  shown  in  Fig.  2. 

(2)  Thermal  Analysis  of  Gels 

Apart  from  the  gel  with  92.5  wt%  resin,  the  DTA  traces 
showed  exotherms  at  400°,  500°,  and  900°C  (Fig.  3(a)).  The 
first  exotherm  was  associated  with  charring  of  the  polymer,  the 
second  with  pyrolysis  of  the  organics,  and  the  last  exotherm 
resulted  from  char  burnout.  The  third  exotherm  was  absent  in 
DTA  traces  for  gels  with  92.5  wt%  resjn  content.  This  may  have 
been  due  to  the  fact  that  only  a  small  amount  of  char  was 
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Fig.  1.  X-ray  diffraction  spectra  of  powders  calcined  at  (a)  various  temperatures  and  (b)  various  times  at  900“C. 


20 


Fig.  2.  X-ray  diffraction  spectra  from  precursors  calcined  at  900“C 
for  1  h  (a)  with  air  flow,  (b)  in  a  closed  atmosphere  box  furnace. 


formed,  and  that  enough  heat  was  generated  during  pyrolysis 
at  500*0  to  eliminate  that  char.  Moreover,  TGA  analysis  in 
Fig.  3(b)  showed  that  most  of  the  weight  loss  occurred  at  tem¬ 
peratures  between  400°  and  530°C.  This  corresponded  to  the 
range  where  polymer  burnout  occurred.  The  precursors  with 
lower  resin  contents  also  revealed  a  slight  weight  loss  at  around 
900“C  which  might  have  been  due  to  the  char  burnout  process. 

(3)  Particle  Size  Distribution 

Powders  in  this  study  had  a  wide  particle  size  distribution 
with  agglomerates  and  particles  in  sizes  ranging  from  submi¬ 
crometer  to  100  pm.  Most  of  the  particles  were  of  irregular 
shape  with  sharp  comers  and  edges.  Increased  calcination  tem¬ 
peratures  caused  agglomeration  and  hence  narrowed  the  pani¬ 
cle  size  distribution.  The  particle  size  was  independent  of 
calcination  time.  Figure  4  shows  the  effect  of  resin  content  on 
particle  size  distribution.  Powders  prepared  from  the  highest 
and  lowest  resin  content  precursors  (i.e.,  92.5%  and  50%, 
respectively)  gave  a  median  size  of  25  pin  equivalent  spherical 
diameter  (ESD),  whereas  powders  from  85%  and  70%  resin 
content  precursors  had  a  median  particle  size  of  8  pm  ESD. 

(4)  Specific  Surface  Area 

(A)  Effect  of  Temperature:  The  specific  surface  area  of 
powders  was  sensitive  to  calcination  temperature,  time,  and 
composition  of  the  starting  gel.  The  powder  calcined  from  70 


“ig.  3.  (a)  Differential  thermal  analysis  (DTA)  traces  of  the  calcination  behavior  for  precursors  with  different  resin  contents,  (b)  Thermogravimetric 
nalysis  (TGA)  of  70  wt%  precursor  performed  in  the  temperature  range  20-1400“C  with  a  heating  rate  of  5“C/min. 
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Fig.  4.  (a)  Effect  of  resin  content  on  the  particle  size  distribution  of  the  powders.  SEM  micrographs  showing  the  effect  of  the  resin  content  in  the  pre¬ 
cursors  on  the  particle  size  distribution  of  the  powders  calcined  from  (b)  50,  (c)  70,  (d)  85,  and  (e)  92.5  wt9f  precursor  gels. 


•vt<7r  resin  gels  at  800°C  for  1  h  had  a  BET  specific  surface  area 
of  1 .7  m:/g.  This  powder  was  visibly  black  in  color,  indicating 
the  presence  of  residual  carbon.  At  900°C,  the  specific  surface 
area  as  measured  by  BET  pe..i.ed  at  a  value  of  10.0  m:/g.  Most 
of  the  residual  carbon  was  burnt  out  and  the  powder  was  ligh: 
gray  in  color.  Further  increase  in  temperature  resulted  in  lower 
specific  surface  area  (Fig.  5).  Since  the  organics  were  burnt  out 
by  530°C  (Fig.  3),  the  low  specific  surface  area  observed  in 


800°C  calcined  powders  was  anomalous.  Less  coarsening  and 
hence  higher  specific  surface  area  would  be  expected  at  800C'C 
than  at  900°C.  TEM  observations  of  the  800°C  powders 
revealed  an  internal  microstructure  having  interconnected 
porosity.  The  average  pore  diameter  was  10-20  nm  (Fig.  6). 

Comparative  AES  analysis  of  powders  calcined  at  800°. 
900°.  and  1000°C  (Fig.  7)  showed  a  significant  decrease  in  the 
amount  of  surface  carbon  with  increasing  temperature.  AES 
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Calcination  temperature  (8C) 

Fig.  5.  Effect  of  calcination  temperature  on  the  specific  surface  area 
of  CaAljO.  powders. 


Fig.  6.  TEM  bright-field  image  of  a  typical  powder  calcined  at  800°C 
for  6  h.  The  lighter  areas  are  the  internal  porosity  with  approximately 
10-20  nm  pore  diameter.  The  interconnected  nature  of  the  porosity  is 
evident 


analysis  between  successive  in  situ  Ai*  sputtering  of  the  800°C 
calcined  powder  yielded  a  carbon  depth  profile.  The  significant 
decrease  in  the  C,KLLt  peak  intensity  from  as  calcined  to  sput¬ 
tered  800°C  powders  indicates  that  most  of  the  residual  carbon 
was  concentrated  at  the  surface  (Fig.  7). 

(B)  Effect  of  Resin  Content:  The  specific  surface  area  of 
powders  calcined  from  gels  containing  between  70  and  92.7 
wt%  resin  at  900°C  for  3  h  showed  an  unusual  quasi-parabolic 
dependence  on  the  resin  content  (Fig.  8).  Figures  9(a-d)  are 
>EM  micrographs  showing  the  morphology  of  powders  as  a 
unction  of  resin  content.  The  amount  of  porosity  in  the  pow¬ 
ders  can  be  directly  correlated  to  the  specific  surface  area.  Fig¬ 
ure  9(c)  confirms  the  low  specific  surface  area  observed  in  85 
m%  resin  content  powder  (Fig.  8).  It  was  noted  that  the  specific 
surface  area  can  be  further  increased  to  24  mVg  by  ball  milling 
the  powders  for  40  min  with  Zr02  media. 

•5)  Crystallization 

TEM  selected  area  diffraction  patterns  (SADP)  obtained 
t'rom  powders  calcined  at  various  temperatures  are  shown  in 
Tig.  10.  Powders  calcined  at  600°C  were  completely  amor¬ 
phous,  as  evidenced  by  the  diffuse  hallow  ring  in  Fig.  10(a). 
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Fig.  7.  Auger  electron  analysis  (AES)  spectra  of  powders  derived 
from  30  wt%  resin  precursors.  The  powders  were  calcined  at  (a)  1000°, 
(b)  900*.  (c)  800°C,  before  sputtering,  and  (d)  800°C  after  sputtering. 
C„U)  and  Ca,***,  are  at  the  same  energy.  However,  the  significant 
decrease  in  C(/ru>  peak  intensity  with  sputtering  time  can  be  seen  in  (c) 
and  (d). 


Resin  Content  (wt%) 


Fig.  8.  Effect  of  composition  of  the  gel  on  the  specific  surface  area  of 
the  as-calcined  powders. 


The  SADP  from  the  powders  calcined  at  700°C  contained  four 
distinct  Dirac  peaks  (arrowed  in  Fig.  10(b)).  This  indicated 
local  (short-range)  ordering  in  the  amorphous  phase.  As  the 
calcination  temperature  was  further  increased,  dotted  rings  sig¬ 
nifying  microcrystalline  formation  were  observed  (Fig.  10(c)). 
Microcrystals  appeared  in  the  amorphous  matrix  at  tempera¬ 
tures  as  low  as  700°C.  With  time  and/or  temperature  of  heat 
treatment,  bright-  and  dark-field  imaging  showed  that  the 
existing  crystallites  grew,  and  new  ones  formed  in  the  highly 
porous  matrix.  After  calcination  at  I000°C,  the  crystallites  were 
big  enough  to  allow  zone  axis  identification  from  the  spot 
SADP’s  as  illustrated  in  Fig.  10(d).  The  time  dependence  of 
crystallite  size  durir  g  isothermal  heat  treatment  is  plotted  in 
Fig.  1 1(a).  The  parallelism  between  the  curves  indicated  a  con¬ 
stant  growth  kinetic  exponent,  n,  over  the  temperature  range 
considered.  From  the  slope  cf  these  curves  n  was  determined  to 
be  —1.68.  The  initial  crystallite  size,  G0  (i.e.,  minimum  size 
observed  in  DF  and  BF  images  of  powders  calcined  at  700°C 
for  1  min)  was  9.9  nm.  The  relative  crystallite  size  (G"  -  GJ)  is 
plotted  versus  time  for  various  calcination  temperatures  in 
Fig.  1 1(b).  The  slopes  of  these  curves  give  the  growth  rate,  q. 
Figure  1 1(c)  represents  In  ( q )  vs  1/7  (Eq.  (2)).  From  this  plot, 
the  activation  energy,  E„  was  found  to  be  118  kJ/moI. 


The  nonsimulianeou-  nucleation  ai  pore  surfaces  observed 
by  TEN!  indicated  a  heterogeneous  nucleation  process.  direct 
correlation  between  trie  amount  of  internal  porosity  and  number 
of  na.leated  crystallites  was  observed.  Although  with  increas¬ 
ing  temperature  crystallite  si?e  became  larger,  the  microstruc¬ 
ture  retained  most  of  its  internal  porosity  up  to  1000  C. 

IN'.  Discussion 
t 1 )  Phase  Formation 

(  a ,AI;0„.  Ca.M-O.,.  CaAl.O,.  and  CaAl,:0,„  arc  the  readily 
termed  and  thermodynamically  stable  compounds  in  the  CaO- 
Al  ().  binary  system  with  increasing  refractoriness,  respec- 
ttvely.'"  In  the  conventional  preparation  route  by  high-tem¬ 
perature  solid-state  synthesis,  the  batch  usually  contains  CaO- 
rich  phases  and  unreacted  AI.O,  before  the  appearance  of 
desired  product  phase.  For  example.  CaAl.O.,  formed  at  early 
stcees  of  the  process  when  CaO  and  Al-O,  were  mixed  in 
C..-N1.C)-  ( 1 :2 1  proportions.  Singh  a l*  explained  this  behavior 

In  a  higher  reactix  it  >  of  CaO  w  eh  respect  to  AI.O..  Contrarx  to 
this  observation,  calcium  dialammate  (Ca.ATO-t  and  man  .  ,d- 
c i um  illuminate  iCa.Al.On  were  both  observed  at  earls  stages  of 
c  .:  Mtion  in  chemicalls  pr-.  oared  monocalcium  aiuminate 

.ij.  Even  unde  oxsgen  atmospiiere.  small  amounts  of 
(.  \1  (  j  mitialb  formed.  ■  heating  a  disproportionation  id  cat¬ 
ions  in  >>|f  preettrs*'-  Si::  obsers aiiorts  were  made  during 


the  chemical  synthesis  of  distrontium  silicate.4  '  The  dispropor¬ 
tionation  in  this  case  was  due  to  SrCO.  formation  follow. rg 
ps-olysis  of  the  organics  at  5(K)°C.  In  the  present  study,  no  car¬ 
bonate  was  detected. 

The  heterogeneity  in  the  calcined  pow  der  mas  be  due  to  pref¬ 
erential  complexing  of  one  of  the  cations  with  the  polymer  lead¬ 
ing  to  formation  of  a  char  during  the  burnout  process.  Calcium 
ions,  due  to  their  higher  reactivity,  might  preferentially  associ¬ 
ate  themselves  with  the  polymer.  Fourier  transform  infrared 
spectroscopy  (FTIR)  studies  arc  under  was  to  clarify  this  point. 
Preferential  linkage  of  calcium  cations  to  the  polymer  w  ill 
cause  them  to  remain  trapped  in  the  char  until  its  decomposili  ' 
at  900‘C.  Thus,  excess  aluminum  ions  would  he  available  at  the 
carls  stages  of  the  reaction,  resulting  in  the  formation  of  alumi¬ 
num-rich  phases.  When  the  char  burnt  out  at  900  C.  as  mani¬ 
fested  by  the  third  exotherm  in  DTA  and  the  weight  los 
ofKPC  in  TGA.  calcium  ions  be. ante  available.  The  calcium 
ions  thus  liberated  could  then  react  with  the  previous!)  formed 
calcium  dialuminate  an  .'  unreacted  aluminum  ions,  als"  in  the 
char,  to  give  monocalc:.:  ..  aiuminate  as  the  final  product.  The 
following  reaction  sequence  from  the  amorphous  matrix  is 
sugg:  .ted: 

Initial  reaction 

C  aAl.O  -  C  -i  ..  .  i- 


CaO  -  Ca;.  „ 


:ai  O 
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Final  reaction 

CaAl.O-  +  Ca;n-mcch„  +  ^  2Ca.A1.04  (5) 

Supply  of  extra  oxygen  to  the  system  will  shift  the  equilibrium 
Eq.  (5:  toward  the  right,  and  he  more  CaAI,04  will 
•  roduccd  at  early  stages  of  d-.:. .  .able  crystallization,  in 
cement  w  ith  the  present  obscrxa'.ions. 

•  3)  Effect  of  Resin  Content 

Tite  re  in  content  in  the  gel  precursor  had  a  drastic  impact  on 
the  pore.  tty.  specific  surface  area,  and  n  -ph.  logv  of  the  pow¬ 
der.  liie:  resin  coni-.  (92.5  wtCi  vie. -ed  partially  sintered 
la:  v  age  derates  c;  _5  pm  USD.  In  such  high-rcsin-content 
prt-urs.  ■  the  cation  species  are  wu-ely  separated  by  'tie 

organic  is  leads  to  local  format  io:  of  line  oxide  parti.  in 

a  three-u  ensional  network.  The  he.:,  released  during  b..  'tit 
of  the  large  amount  of  polymer  causes  the  panicles  to  neck.  ...nd 
to  form  large  agglonw.  .tes  with  extremely  line  interna!  porosity 
1  Fig.  9tdn. 

()r  the  other  hand,  in  a  low-resin-content  preca:  or  of  50 
v.trl .  the  cation  species  are  closer  together.  T.us  leau  to  large 
oxide  particles  linked  in  a  coarser  framework  to  form  agglomer¬ 
ates  of  approximately  the  same  si.  e.  i.e..  25  pm  ESD.  This 
appe.  the  corai-like  morphoi  'gy  seen  in  Fig.  9(a).  The 

open:..  k  permits  an  -easy  escape  'fgas-e  as  pyrolysis  prod¬ 

ucts.  I n t  -  -  .-diatc  behavior  was  oh>ci". .  ’ ::  "-i  v-.tf?  resin  pow¬ 
ders  win.  iiad  a  mailer  agglomerate  .tzc  of  8  p.m  ESD 


(Fig.  9(b)).  The  85  wt9c  resin  derived  powder  with  the  same 
S  p.m  ESD  agglomerate  size  (Fig.  4)  has  no  internal  porosity 
Fig.  9(c)).  This  is  consistent  with  the  minimum  observed  in  the 
i'H’i  measurements  (Fig.  8). 

(3 )  Closure  of  Surface  Pores  by  Residual  Carbon 

At  temperatures  below  the  char  burnout  which  occurs  at 
900  C.  the  residual  carbon  seals  off  surface  pores.  m..:.:eg  the 
internal  porosity  inaccessible  to  N .  molecules  during  BET  anal¬ 
ysis.  Thus,  for  800°C  calcined  powders,  although  TEM 
revealed  high  internal  porosity  in  agglomerates  (Fig.  6),  ti  e 
specific  surface  area  was  anomalously  low  at  1.7  nr'/g  (Fug.  5i. 

arbon  depth  profiling  by  AES  continued  the  carbon  concen- 
...  :ion  at  the  surface  (Fig.  7 -.  For  900°C  calcined  po\. the 
ciiur.  including  the  sun  ace  carbon,  was  burnt  out.  Tire  internal 
porosity  was  now  accessible  to  N.  adsorption,  giving  a  surface 
area  of  10  m:/g.  This  vt.lue  is  40  times  larger  the  that  ot  con¬ 
ventionally  prepared  CaAl;04  powders.'-'’  The  removal  of  sur¬ 
face  carbon  at  91K1T  and  above  w  as  confirmed  by  AES  t  Fig.  ~ ). 

(4)  Mechanism  and  Kinetics  of  CaAl.O  4  Formation 

Activation  energies  (£j  f"  various  growth  and  diffusion 

processes  are  compared  in  '1 ..  -e  I.  It  is  seen  that  a  d;-verent 
me  iitnism  operates  for  CaAi 04  crystallite  growth  from  an 
amorphous  tna’rix  1 1 18  kk  nioH  than  for  solid-state  reactions 
r  :w  ecu  .  rysta...:-e  CaO  and  Al.O.  1 159-376  kJ. riu  The 

h.-  t  /.  or  A1  diffusion  in  Al.O,  (477  kJ.  mol" .  \ ersus  the  low cr 
(7.)  for  -Ja  in  CaO  ( 142-268  kJ.mo! '  indicate?  mat  Ca  dil  l  uses 
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Fig.  11.  Determination  of  various  kinetic  parameters:  (a)  in  (G"  -  GJ)  vs  In  (f),  (b)  G"  -  G;  vs  r,  (c)  In  (q)  vs  1  IT.  From  these  curves,  n  =  1.68, 
G0  =  9.9  nm,  and  E,  =  118  kJ/mol. 


Table  I.  Comparison  of  Activation  Energies  for  Various  Processes 


Growth  of 
chemically 
prepared 
CaAIjO, 
(this  study) 

Growth  of 
conventionally 
prepared 
CaAlA"’44 

Diffusion  of 
Alin 

A1A’ 

Diffusion  of 

Cain 

CaO* 

Activation  energy,  E,  (kJ/mol) 

-118 

159-376 

477 

142-268 

into  A12Oj  to  form  CaAl204.  This  explains  why  the  £,  for  con¬ 
ventional  CaAl204  formation  is  comparable  with  the  E,  for  Ca 
diffusion  in  CaO. 

The  mechanism  for  solid-state  reaction  between  crystalline 
CaO  and  A1203  to  form  CaAl204  is  schematically  depicted  in 
Fig.  12(a).  Growth  of  CaAl204  occurs  at  the  CaAl204-Al203 
interface  and  necessitates  the  diffusion  of  Ca  through  the 
product  phase  toward  A1203.  Consequently  the  growth  rate 
decreases  as  the  product  layer  thickens.  TTie  growth  kinetic 
exponent,  n,  for  this  type  of  reaction  is  considered  to  be  2.'*31 

A  model  for  CaAl204  crystal  growth  from  an  amorphous 
matrix  of  the  same  composition  is  proposed  in  Fig,  12(b). 
Growth  occurs  by  viscoelastic  relaxation  of  the  amorphous 
phase  involving  only  a  few  atomic  jumps  across  the  amor¬ 
phous-crystalline  interface.  The  growth  rate  is  independent  of 
crystal  size  and  is  constant.  In  this  study  the  growth  kinetic 
exponent,  n,  was  found  to  be  1.68.  This  lower  value  of  n  (1.68 
vs  2)  indicates  a  faster  growth  rate  for  the  mechanism  involving 
crystal  growth  from  an  amorphous  phase.  Overall,  the  process 
is  analogous  to  a  polymorphic  transformation  in  crystalline 


materials  which  involves  atomic  jumps  across  the  transforma¬ 
tion  front,  without  any  change  in  die  composition,  and  does  not 
necessitate  any  long-range  diffusion. 

Thus,  this  microstructural-kinetic  study  of  the  Pechini  pro¬ 
cess  gives  an  insight  into  the  advantages  of  chemical  synthesis 
over  conventional  solid-state  reacted  processes.  Whereas  the 
latter  process  involves  repeated  grinding  and  firing  and  may 
still  yield  unreacted  and/or  intermediate  phases,  the  Pechini 
route  produces  a  completely  reacted,  single-phase  product,  at 
comparatively  lower  temperatures. 

V.  Conclusions 

High-purity,  high-specific-surface-area,  single-phase  CaAl2- 
04  powders  have  been  chemically  synthesized  at  temperatures 
at  or  below  900°C  using  the  Pechini  process.  Specific  surface 
areas  of  10  mVg  were  routinely  obtained  at  900°C  after  3  h  of 
calcination. 

TEM  studies  of  the  early  stages  of  crystallization  from  an 
amorphous  matrix  enabled  a  detailed  kinetic  analysis  of  crys¬ 
tallite  growth.  The  activation  energy  of  118  kJ/mol  and  a 
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Fig.  12.  Schematic  representation  of  CaAI204  growth  mechanism  during  (a)  high-temperature  solid-state  reactions,  (b)  crystallization  from  chemi¬ 
cally  derived  amorphous  matrix. 


growth  kinetic  exponent  n  of  1.68  were  determined.  These  val¬ 
ues  were  consistent  with  a  short-range  diffusion  model. 
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XPS  Studies  of  Bond  Structure  Between  Polyvinyl  Alcohol  and  a 
Titanate  Cross  Coupling  Agent 

Mehmet  A.  Giilgiin*,  Oludele  O.  Popoola*t ,  and  Waltraud  M.  Kriveit 
Department  of  Materials  Science  and  Engineering,  University  of  Illinois  at 
Urbana-Champaign,  105  S.  Goodwin  Avenue,  Urbana,  IL  61801,  U.S.A. 


Chemical  interactions  between  polyvinyl  alcohol  (PVA)  and  triethanol 
amine  titanate  chelate  were  studied  using  X-ray  photoelectron  spectroscopy 
(XPS)  and  scanning  electron  microscopy  (SEM).  The  titanate  chelate  cross 
coupled  the  PVA  solution  and  produced  a  viscous  gel.  The  gel  had  a  three 
dimensional  cage  structure  containing  -CpvA-O-Ti-O-CpvA-  organic  complexes. 
The  water  of  the  PVA  solution  was  physically  retained  in  the  cage  structure  and 
was  readily  available  for  chemical  reactions.  The  removal  of  this  entrapped 
water  was  irreversible  and  lead  to  a  collapsed  film  of  Ti-cross  linked  PVA. 


I.  INTRODUCTION 

Polyvinyl  alcohol  (PVA)  is  one  of  the  key  components  of  the  high  alumina 
based  (HAC),  macro-defect-free  (MDF)  cement  composite  materials.  These 
composites  were  introduced  in  the  early  1980's  and  had  superior  mechanical 
properties  compared  to  any  cement  paste  known  at  that  time  2. 

Microstructural  and  microchemical  studies  of  HAC-MDF  have  shown  that  the 
polymer  not  only  acted  as  a  rheological  aid  that  facilitated  effective  particle 
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packing  during  processing,  but  its  chemical  reaction  with  the  ceramic  grains  also 
contributed  to  the  improved  properties  of  the  composite  3.  The  microstructure 
consisted  of  anhydrous  cement  grains,  the  polymer,  and  an  interphase  region 
composed  of  a  mixture  of  amorphous  and  crystalline  hydrates  of  calcium 
aluminate  3' 4.  Although  the  water  soluble  polymer  was  essential  in  obtaining 
the  improved  properties  of  the  composite,  it  also  proved  itself  to  be  the  Achilles’ 
heel  of  the  system.  HAC-MDF  cement  lost  ~32%  of  its  dry  strength  upon 
prolonged  exposure  to  moisture  5.  Other  properties  such  as  electrical  resistivity 
and  dielectric  loss  constant  followed  the  trend  of  strength  after  moisture 
exposure.  In-situ  environmental  transmission  electron  microscopy  (TEM)  studies 
of  the  composite  showed  that  the  polymer  and  the  interphase  region  absorbed 
moisture  when  exposed  to  humidity.  Water  swelled  up  the  polymer  and  the 
interphase,  leading  to  degradation  of  the  properties  6.  It  appeared  thus  that  the 
polymer  matrix  and  the  interphase  region  needed  to  be  rendered  insensitive  to 
moisture  after  the  setting  reactions  in  the  composite. 

Incorporation  of  an  organic  cross-coupling  agent  into  the  composition  of 
the  HAC-MDF  during  processing  has  been  a  promising  solution  to  this  problem  5. 
The  basic  requirements  for  a  cross  coupling  agent  for  the  composite  are  (1)  its 
addition  should  not  impair  the  processability  of  the  composite,  and  (2)  It  must  be 
stable  and  active  at  the  high  pH  values  present  during  composite  processing. 

A  titanate  cross-coupling  agent,  triethanol  amine  titanate  chelate  (Tyzor 
TE®,  DuPont  de  Nemours)  have  been  incorporated  into  the  composition  of  MDF 
cement.  The  composite  thus  modified,  had  a  significant  increase  in  moisture 
resistance  when  compared  with  the  original  one  5.  While  the  original  composite 
retained  only  68%  of  its  strength  after  28  days  of  moisture  exposure,  the  modified 
one  retained  up  to  84%  after  the  same  treatment.  However,  there  was  a  practical 
limit  to  the  amount  of  the  titanate  cross-coupling  agent  that  could  be  added  to 
the  system.  Higher  than  0.21  parts  by  weight  of  triethanol  amine  titanate  chelate 
interfered  with  the  processing  of  the  composite  5.  Studies  on  titanate  modified 
HAC-MDF  composites  showed  that  the  torque  required  during  high  shear 
mixing  increased  with  the  addition  of  cross  coupling  agent,  and  the  window  of 
processability  decreased7.  It  is  surprising  that  such  a  small  quantity  of  triethanol 
amine  titanate  chelate  could  significantly  modify  both  the  processing  window 
and  the  moisture  resistance  of  this  composite.  It  was  therefore  imperative  to 
understand  the  nature  of  the  chemical  interactions  between  various  components 


of  the  modified  composite.  The  interactions  between  the  PVA  and  a  calcium 
aluminate  ceramic  have  been  previously  reported  8. 

In  this  paper.  X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  study 
the  bond  structure  and  the  chemical  reactions  between  triethanol  amine  titanate 
chelate  and  polyvinyl  alcohol. 

II.  EXPERIMENTAL 
A.  Materials 

1.  Polyvinyl  alcohol  (PVA): 

100%  hydrolyzed  polyvinyl  alcohol  (PVA)  with  an  average  molecular 
weight  of  50,000  was  used  in  all  experiments.  2  wt%  PVA  was  dissolved  in  de¬ 
ionized  water,  by  simply  stirring  the  solution  at  room  temperature.  Solutions 
with  higher  PVA  contents  were  prepared  at  temperatures  below  67°C.  The  pH  of 
the  solutions  was  measured  as  a  function  of  PVA  content  using  a  microprocessor 
controlled  pH  meter. 

2.  Triethanol  amine  titanate  chelate  (Tyzor  TE®): 

This  titanate  cross  coupling  agent  is  compatible  with  high  pH 
environments,  and  its  cross  linking  reactions  can  be  activated  in  aqueous 
solutions  9.  It  is  "a  mixture  of  various  chelates  with  at  least  one  component  in 
the  solution  having  a  cage  structure"  as  depicted  in  Fig.  1  9.  No  further  detail  on 
possible  other  structures  in  the  solution  was  available  in  the  product  literature.  It 
was  observed  that  the  Tyzor  solution  aged  with  time  and  changed  its  color  from 
pale  yellow  to  amber.  The  material  was  also  suspected  to  decompose  on 
standing  for  extended  time  at  room  temperature.  The  Tyzor  series  of  organic 
titanates  cross  linked  polymers  through  the  active  hydrogen  of  hydroxyl,  amino, 
amide,  carbonyl,  and  thio  functional  groups  9.  They  were  not  very  susceptible  to 
hydrolysis.  The  chelates  were  supposedly  unreactive  when  mixed  with  cross 
linkable  materials  at  room  temperature.  Raising  the  temperature  between  100°C 
and  250°C  activated  the  chelates  by  decomposing  their  structure.  The  cross 
linking  reactions  could  also  be  initiated  by  increasing  the  pH  of  the  system  in  the 


range  of  6  to  10.  The  chelates  were  known  to  cross  link  at  room  temperature  in  a 
few  seconds  in  an  aqueous  guar  gum  solution  at  pH  7.0  9. 


B.  Sample  Preparation 

1.  XPS 

Three  sample  configurations  used  are  schematically  shown  in  Fig.  2  (a-c). 
The  films  were  prepared  by  spin  coating  the  appropriate  solutions  on  to  a  pre¬ 
cleaned  glass  slide  under  a  rotation  speed  of  4,000  rpm.  In  the  first  configuration 
the  Tyzor  solution  was  spread  on  the  glass  substrate.  A  PVA  solution  was  then 
spun  coated  on  the  Tyzor  layer.  The  order  of  the  layering  was  reversed  in  the 
second  configuration.  While  the  PVA  layer  uniformly  spread  over  the  Tyzor 
layer  in  the  first  configuration,  in  the  second,  the  instantaneous  reaction 
prevented  a  uniform  spread  of  Tyzor  over  the  PVA.  The  third  was  a  reference 
configuration  with  an  intermediate  gold  layer  between  the  Tyzor  and  the  PVA 
covering  half  of  the  specimen.  The  purpose  was  to  assure  that  the  depth  probed 
during  XT’S  was  completely  within  the  top  PVA  layer.  The  whole  procedure  was 
carried  out  in  a  Class-1000  clean  room.  The  samples  were  stored  in  a  dessicator 
for  one  day  prior  to  XPS  analysis. 


2.  SEM  and  XRD 

In  a  vial,  a  droplet  of  triethanol  amine  titanate  chelate  solution 
(approximately  0.02  g  of  1/50  by  weight  Tyzor  TE/isopropyl  alcohol  solution) 
was  added  to  5  ml  of  2  wt%  PVA  solution.  The  mixture  gelled  instantaneously. 
Highly  reactive,  fine  monocalcium  aluminate  powders  10' 11  were  sprinkled  on  to 
the  PVA-Tyzor  TE  gel  thus  produced.  After  48  h,  the  powders  were  separated 
from  the  gel.  Microstructural  characterization  and  microchemical  analysis  of  the 
separated  powders  were  performed  using  X-ray  diffraction,  scanning  electron 
microscopy  (SEM)  and  energy  dispersive  spectroscopy  (EDS). 


C  Characterization 


1.  XPS  Analysis 

A  PHI  5400  X-ray  photoelectron  spectrometer  equipped  with  a  Perkin- 
Elmer  hemispherical  analyzer  was  used  to  collect  the  XPS  data.  The  Mg  anode 
(Mg  Ka  at  1253.6  eV)  was  operated  at  400  W  (15  kV)  under  a  base  pressure  of  2  x 
10"®  Pa.  The  X-ray  source  was  approximately  15  mm  directly  above  the  sample 
surface.  The  hemispherical  analyzer  was  operated  in  the  constant  energy  mode 
with  a  pass  energy  at  17.9  eV  giving  a  resolution  of  1  eV.  It  was  reported  earlier 
that  some  degradation  of  the  polymer  occurred  after  1  hr  of  continuous  exposure 
to  X-ray  irradiation  under  the  above  conditions  8» 12.  Multiplex  data  acquisition 
was  completed  in  30  to  40  min.  The  C(ls),  CXls),  and  Ti(2p3/2)  energy  lines  were 
analyzed.  Mixed  Gaussian  and  Lorentzian  line  shapes  were  used  for  spectral 
deconvolution.  The  full  widths  at  half  maximum  (FWHM)  were  set  at  1.33  ±  0.1 
eV  for  C(ls),  1.70  ±  0.1  eV  for  O(ls)  and  1.20  ±  0.1  eV  for  Ti(2p3/2) 8' 12-16.  Plasma 
deposited  gold  film  was  used  to  calibrate  the  binding  energies  in  the  spectra. 

The  Au(4f7/2>  peak  was  set  to  84.0  eV 17-20  and  all  the  other  peak  positions  were 
referred  to  this  binding  energy  level.  Under  these  conditions  the  binding  energy 
of  the  C(ls)  peak  associated  with  the  CH2  group  in  PVA  was  285.0  eV  12' I3' 21 . 


III.  RESULTS 

When  an  aqueous  solution  of  100%  hydrolyzed  polyvinyl  alcohol  (PVA) 
was  mixed  with  triethanol  amine  titanate  chelate  in  a  weight  ratio  of  4/1000 : 
Tyzor  TE/PVA,  the  whole  solution  formed  a  very  viscous  gel  at  room 
temperature  within  seconds.  This  gel  did  not  flow  when  the  vial  containing  it 
was  turned  upside  down  as  shown  in  Fig.  3.  No  water  rejection  was  observed 
after  several  months  in  a  closed  container.  When  the  gelled  solution  was  left  in 
air  on  the  other  hand,  the  structure  lost  its  water  and  shrunk. 

Thermogravimetric  analysis  (TGA)  of  the  gel  at  a  heating  rate  of  1°C/ min. 
revealed  that  most  of  the  water  was  lost  below  80°C.  Once  the  gel  was  dried  and 
shrunk  leaving  a  filmy  residue,  it  did  not  dissolve  or  swell  in  cold  or  boiling 
water. 

The  XPS  survey  spectrum  indicated  that  the  sample  was  free  of  impurities. 
The  survey  spectrum  from  the  sample  with  the  configuration  depicted  in  Figure 


2  c.  did  not  reveal  any  gold  peaks.  Thus,  it  was  concluded  that  the  spectra 
observed  originated  from  the  reacted  PVA  layer.  Fig.  4  shows  the  experimental 
and  synthesized  O(ls)  spectra  from  pure  PVA  (a),  and  from  PVA  coated  on  to 
Tyzor  TE  (b).  After  the  correction  for  sample  charging  effects,  the  spectrum  from 
pure  PVA  revealed  a  single  O(ls)  peak  centered  at  533.0  ±  0.1  eV  having  a  FWHM 
of  1.70  ±  0.1  eV,  in  agreement  with  the  values  reported  in  the  literature 13- 14. 
Although  there  may  be  more  than  one  type  of  oxygen-carbon  bond  in  PVA,  the 
various  CXls)  peaks  due  to  these  could  not  be  distinguished  given  the  resolution 
limit  of  1  eV.  The  possible  bond  structures  contributing  to  the  observed  CXls) 
spectrum  were  C-OH,  C=0  and  C-O-C  groups.  The  binding  energy  for  the  CXls) 
photoelectron  from  the  C-OH  group  was  at  533.0  eV  (Table  I).  A  comparison  of 
the  two  O(ls)  spectra  from  pure  PVA  and  from  PVA  on  Tyzor  TE,  in  Figs.  4  (a 
and  b)  indicates  clearly  that  oxygen  is  taking  part  in  an  additional  type  of 
bonding  in  the  later  configuration.  Fig.  4  b  reveals  a  new  CXls)  peak  at  531.3  eV 
in  addition  to  that  from  the  C-OH  group. 

The  C(ls)  multiplex  spectra  from  pure  PVA  and  PVA  coated  on  to  Tyzor 
TE  are  shown  in  Fig.  5.  In  the  pure  PVA  film,  the  C(ls)  spectrum  can  be 
deconvolved  into  3  peaks.  The  first,  located  at  285.0  eV  is  associated  with  the 
CH2  group,  while  the  second,  at  286.5  eV  is  due  to  the  C-OH  group.  The  third 
peak  at  288.3  eV  resulted  from  C=0  and  C-O-C  groups  (Table  II).  These  groups 
formed  as  a  result  of  X-ray  irradiation  induced  degradation  of  the  -OH  groups  in 
the  polymer  8' 12.  Consequently  the  C(ls)  peak  associated  with  the  -OH  group  is 
slightly  attenuated.  The  experimental  C(ls)  spectrum  from  PVA  coated  on  Tyzor 
TE  (Fig.  5  b)  reveals  another  peak  in  addition  to  the  three  PVA  peaks  mentioned 
above.  This  new  carbon  Is  peak  is  at  285.7  eV.  The  peak  from  the  C-OH  group  is 
further  reduced  in  intensity.  The  intensities  of  this  new  peak  and  the  peak  which 
is  due  to  C=0  and/or  C-O-C  groups  are  such  that  their  sum  equals  the  reduction 
in  intensity  of  the  C-OH  peak  from  the  50:50  ratio  with  CH2  peak  intensity. 

The  experimental  multiplex  and  synthesized  Ti(2p)  duplets  from  a  Tyzor 
film  and  from  PVA  reacted  with  Tyzor  are  shown  in  Figure  6.  In  Fig.  6  a  the 
Ti(2p3/2)  and  Ti(2pi/2)  peaks  are  separated  by  5.75+0.05  eV,  indicating  that 
titanium  in  Tyzor  was  surrounded  by  oxygen  atoms.  Moreover  the  Ti(2p3/2)  can 
be  deconvolved  into  two  peaks  located  at  459.0  eV  and  457.5  eV.  These  peaks  can 
be  attributed  to  Ti4+  and  Ti3+  valence  states,  respectively  (Table  HI).  Fig.  6  b 
shows  exactly  the  same  features  as  does  Fig.  6  a.  This  indicates  that  there  was  no 


change  in  the  chemical  environment  around  the  titanium  atoms  in  Tyzor  and  in 
PVA  reacted  with  Tyzor. 

The  X-ray  diffraction  studies  of  the  calcium  aluminate  powders  sprinkled 
on  to  the  gel  that  formed  during  PVA/ Tyzor  TE  interaction  revealed  that 
hydration  had  occurred.  Fig.  7  shows  that  hydrates  (CaAl20i4H2o)  and 
carbohydrates  (Ca4Al2C02lH22)  formed.  Fig.  8  is  the  SEM  micrograph  from  the 
same  powders.  It  clearly  shows  needle-shaped  morphology  typical  of 
carbohydrates.  The  EDS  analysis  revealed  Ca,  A1  and  very  small  amounts  of  Ti 
in  the  hydrated  powders.  However,  the  'll  peak  may  have  been  due  to  the 
polymer  which  adhered  to  the  powder  surface. 


IV.  DISCUSSION 

From  a  visual  inspection  of  the  PVA  solution  mixed  with  Tyzor  TE  in  the 
vial  it  was  apparent  that  the  two  had  reacted  at  room  temperature.  This  was 
evidenced  by  the  instantaneous  viscosity  increase  and  immediate  gelation  of  the 
mixture.  The  XPS  analyses  of  the  reacted  polymer  revealed  new  peaks  in  the 
O(ls)  and  C(ls)  spectra.  The  new  oxygen  signature  at  531.25  ±  0.1  eV  and  the 
carbon  signature  at  285.7  ±  o.l  eV  were  indicative  of  the  formation  of  a  new 
complex. 

By  analogy  with  the  binding  energies  obtained  for  the  0(1  s)  peak  in  other 
transition  metal  carboxylates  (Table  I),  the  new  0(1  s)  peak  could  be  assigned  to  a 
C-O-Ti-OC  organic  complex.  Consistent  with  this,  the  binding  energy  of  the 
C(ls)  peak  would  be  expected  to  lie  in  the  range  285.6-285.9  eV  (Table  n).  A 
value  of  285.7  eV  was  observed  in  the  Tyzor-reacted  PVA.  Since  titanium  had 
the  same  chemical  environment  in  Tyzor  as  in  the  C-O-Ti-O-C  complex  formed 
during  the  Tyzor-PVA  reaction,  no  binding  energy  change  was  expected,  as  was 
observed.  The  formation  of  the  C-O-Ti-O-C  complex  and  corresponding 
decrease  in  the  C-OH  peak  intensity  indicated  a  mechanism  involving  cation 
exchange  with  the  OH  group  of  the  PVA.  Such  a  mechanism  is  schematically 
depicted  in  Fig.  9. 

The  exceedingly  low  concentration  of  titanium  added  indicated  that  the 
cross  linking  occurred  at  only  a  few  sites  between  the  PVA  chains.  One  could 
envision  that  the  joining  of  chains  in  the  solution  will  increase  the  viscosity  by 
limiting  the  molecular  configurations.  Consequently,  the  average  molecular 


weight  per  chain  is  increased.  Random  cross  linking  across  chains  would  form  a 
three  dimensional  cage  structure  which  could  entrap  water  molecules  by  Van  der 
Waals'  interactions  and  stearic  hindrance  (Fig.  10).  Such  a  model  could  explain 
why  there  was  no  water  rejected  during  instantaneous  gelation,  although  water 
made  up  approximately  95  wt%  of  the  solution.  Furthermore,  this  non- 
chemically  bonded  water  was  easily  extracted  by  the  highly  reactive  calcium 
aluminate  powders  forming  hydrates.  Removal  of  this  water  left  a  collapsed 
residue  film  of  Ti-cross  linked  PVA,  and  was  irreversible. 

Earlier  in  situ  environmental  TEM  studies  showed  that  water  was 
absorbed  by  the  polymer  matrix  phase  in  MDF-HAC,  leading  to  a  degradation  in 
mechanical  and  electrical  properties  8.  The  present  study  suggests  that  the 
polymer  could  be  rendered  insensitive  to  water  resulting  in  a  water  resistant  film 
encapsulating  the  partially  hydrated  calcium  aluminate  grains.  Such  a 
mechanism  could  eliminate  the  water  sensitivity  problem  of  MDF  cement. 


V.  CONCLUSION 

A  commercial  titanate  cross  coupling  agent,  Tyzor  TE,  reacted  with  an 
aqueous  solution  of  100%  hydrolyzed  PVA  and  formed  a  viscous  gel  at  room 
temperature.  The  XPS  analysis  indicated  that  cross  linking  of  the  PVA  chains 
occurred  through  formation  of  CpvA-O-Ti-O-CpvA  bonds.  Some  hydroxyl 
functional  groups  of  the  polymer  reacted  with  the  titanate  agent  to  form  a  three 
dimensional  cage  structure.  This  cross  linked  structure  retained  the  water  of 
solution  in  the  network  of  the  gel.  The  water  was  only  physically  held  in  the 
structure  and  was  available  for  reaction  with  calcium  aluminate  powder.  The 
irreversible  removed  of  the  physically  entrapped  water  left  a  collapsed  residual 
film  of  Ti-cross  linked  PVA. 
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FIG.  1.  Schematic  of  one  of  the  structures  present  in  Tyzor  TE  solution. 

FIG.  2.  Schematic  of  the  sample  configurations  used  in  XPS  experiments. 

FIG.  3.  Triethanol  amine  titanate  chelate  cross  coupled  PVA  solution  shown  in  a 
vial  that  has  been  turned  upside  down.  The  2  wt%  PVA  solution  does  not  flow, 
and  no  water  rejection  from  the  reacted  structure  was  observed. 

FIG.  4.  Experimental  and  synthesized  O(ls)  spectra  from  pure  PVA  (a),  and 
from  PVA  coated  on  Tyzor  TE  (b) 

FIG.  5.  C(ls)  spectra  from  pure  PVA  (a)  and  PVA  coated  on  Tyzor  TE  (b). 

FIG.  6.  Experimental  multiplex  and  synthesized  Ti(2p)  duplets  from  Tyzor  TE 
film  (a),  and  from  PVA  reacted  with  Tyzor  TE  (b).  The  experimental  Ti(2p) 
spectrum  from  reacted  PVA  is  much  weaker  compared  to  Tyzor  TE  spectrum. 

FIG.  7.  X-ray  spectrum  of  calcium  aluminate  powder  sprinkled  on  "gelled"  PVA- 
Tyzor  TE  solution.  Hydrates  and  carbohydrates  of  calcium  aluminate  formed  as 
result  of  reactions  with  the  water  in  the  "gelled"  structure. 

FIG.  8.  SEM  micrograph  showing  typical  rod-like  morphology  of  carbohydrates 
of  calcium  aluminates. 

FIG.  9.  Schematics  of  cross  linking  reactions  in  PVA-titanate  cross  coupling 
agent  mixture. 

FIG.  10.  Two  dimensional  schematic  model  of  the  three  dimensional  cage 
structure  of  titanate  cross  coupled  PVA  solution  with  the  retained  water  of 
solution. 


Table  I.  Binding  energy  levels  of  CXls)  photoelectrons  in 
related  compounds. 


Compound/ 

environment 

Binding  Energy 
in(eV) 

Reference 

inTi02 

530.2  -  530.3 

22-24 

inTi203 

529.8  -  531.4 

22, 24, 25 

in  M-OM-OOC* 

529.9 

26 

Ni(acac)2 

532.0 

27 

Cr(acac>3 

531.4 

28 

metal  carboxylate 

531.6 

25 

C-OH 

533.0  -  533.4 

13, 21 

C-OH 

533.110.05 

this  study 

C-OTi 

531.25  1  0.1 

this  study 

*  carboxylato  oxohydroxide  type  compound  with  transition  metals  (M) 


Table  II.  Binding  energies  for  the  C(ls)  photoelectrons  in 
certain  compounds. 


Compound/ 

environment 

Binding  Energy 
in  (eV) 

Reference 

C-OH 

286.5 

29 

OC-H  (carbonyl) 

288.0 

29 

O-C-OH 

289.5 

29 

(carboxyl) 

CH3O  (methoxy) 

286.3 

15 

Ni(acac)2 

286.4 

27 

Cr(acac)3 

285.3 

28 

C-O-Zr 

285.6-285.9 

25 

C-C/CH2 

285.0 

this  study 

C-OH 

286.5  ±0.2 

this  study 

C-O 

288.3  ±  0.2 

this  study 

C-O-Ti 

285.7  ±0.1 

this  study 

Table  HI.  Binding  energies  of  Ti  (2p3/2)  XPS  line  in  different  compounds. 


Ti(2p3/2>  XPS  Binding  enrgy  Compound/  Reference 

Line/  in  (eV)  environment 

Valence  State  _ 


Ti4+ 

458.5  -  459.1 

in  TiC>2 

15, 16,  21-23, 25, 

30, 31-35 

Ti4+ 

458.4 

in  [TiO(acac)] 

22 

Ti4+ 

459.1 

in  carboxylate 
environment 

25 

Ti3+ 

456.2  -  458.2 

in  Ti203 

15, 21, 24, 27, 31, 
36-37 

Ti2+ 

454.7-457.3 

inTiO 

15, 25, 27, 31, 36-37 

Til+ 

454.9 

in  reduced 
titanium  oxide 

15 

Ti° 

453.8  -  454.0 

Ti-metal 

15, 25, 30 

Ti4+ 

459.0  ±  0.2 

Ti-O-C 

this  study 

Xi3+ 

457.5 

this  study 

FIG. 
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and  no  water  rejection  from  the  reacted  structure  was  observed. 
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film  (a),  and  from  PVA  reacted  with  Tyzor  TE  (b).  The  experimental  Ti(2p) 
spectrum  from  reacted  PVA  is  much  weaker  compared  to  Tyzor  TE  spectrum. 
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Abstract 

The  phase  stability  of  the  Ni-based  compounds  Ni3Al,  NijSi,  Ni3Ga  and  Ni3Ge  was  studied  by  calculating  the 
total  electronic  energy  in  the  Ll2  and  DO^  phases  on  the  basis  of  the  recursion  method  within  the  tight-binding 
approximation.  A  close  relationship  was  observed  between  the  total  electronic  energy  difference  of  the  Ll2  and 
D022  phases  and  the  number  of  valence  electrons  in  the  Ni-based  compounds  as  well  as  in  Al-based  ones,  A13X 
(X  =  Ti,  Y,  Zr  and  Nb).  For  the  Ni-based  compounds,  a  structural  change  from  Ll2  to  D022  by  alloying,  in  which 
Ni  atoms  are  replaced  by  substitutional  solute  elements,  is  predicted. 


Introduction 

Several  attempts  have  been  made  to  understand 
the  structural  stability  of  the  A13X  and  Ni3X  (X 
is  metalloid  or  metal)  intermetallic  compounds 
through  calculations  of  electronic  structures  using 
various  methods  [1-8].  For  example,  Guo  et  al. 
[5]  and  Sluiter  et  al.  [6]  used  a  full  potential  linear 
augmented  plane-wave  (FLAPW)  method  to  study 
the  relationship  between  phase  stability,  bonding 
nature  and  mechanical  properties  for  Al3Li;  Xu 
and  Freeman  [3]  used  a  linear  muffin-tin  orbit? i 
method  associated  with  the  atomic-sphere  ap¬ 
proximation  to  study  A13X  (X  =  Y,  Zr)  and  Ni3V. 
Moreover,  Freeman’s  group  proposed  a  criterion 
for  phase  stability  based  upon  their  theoretical 
work  using  the  linear  muffin-tin  orbital  (LMTO) 
method  [3,  4]. 

Recently,  Inoue  et  al.  [8]  have  studied  the  phase 
stability  of  Al3Nb  as  a  function  of  Ni  addition  and 
of  Al3Ti  using  the  extended  Hiickel  tight-binding 
(XHTB)  method  developed  by  Kitamura  and  Mur¬ 
amatsu  [9].  Results  obtained  were  in  good  agree¬ 
ment  with  experiment.  This  indicates  that  the 
XHTB  band  structure  calculation  is  a  useful  tool 
for  studying  the  phase  stability  of  intermetallic 
compounds.  Intermetallic  compounds  such  as  al- 


*  Present  address:  Department  of  Physics,  University  of  Yeong- 
nam,  Kyungsan  713-749,  South  Korea. 


uminides  and  silicides  have  attracted  much  at¬ 
tention  lately;  their  relatively  high  melting  points, 
together  with  other  attributes  such  as  low  density, 
high  strength  and  good  corrosion  resistance,  make 
them  highly  promising  as  high-temperature  struc¬ 
tural  materials.  The  biggest  drawback  of  inter- 
metallics  is  their  brittle  nature.  Therefore,  finding 
ways  to  improve  their  ductility  is  an  important 
area  of  alloy  development.  One  of  the  approaches 
to  ductilize  these  intermetallics  is  to  promote  a 
structural  transformation  to  a  structure  with  higher 
symmetry,  such  as  an  ordered  Ll2  structure.  This 
gave  us  the  impetus  to  investigate  the  phase  stability 
in  Ni-based  intermetallic  compounds. 

We  investigated  the  phase  stability  of  inter¬ 
metallic  compounds  Ni3X  (X  =  A1,  Si,  Ga  and  Ge) 
and  AI3X  (X  =  Ti,  Y,  Zr  and  Nb)  using  a  recursion 
tight-binding  (RTB)  method  [11]  focusing  our  at¬ 
tention  on  the  tetragonal  D022  and  the  cubic  Ll2 
phases.  For  the  former  compounds  we  also  con¬ 
sidered  the  possible  structural  change  caused  by 
alloying  in  which  Ni  atoms  are  replaced  by  sub¬ 
stitutional  solute  elements.  The  advantage  of  the 
recursion  tight-binding  method  based  on  a  cluster 
calculation  is  that  it  does  not  use  the  Bloch  theorem, 
so  the  method  can  be  applied  to  disordered  systems 
[11].  It  has  the  further  advantage  that  one  can 
easily  calculate  the  density  of  states,  unlike  the 
band  structure  calculations  based  on  the  Bloch 
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theorem.  In  this  paper,  we  wish  to  demonstrate 
that  the  recursion  tight-binding  method  works  well 
in  treating  the  phase  stability  of  intermetallic  com¬ 
pounds. 

Calculational  procedure 

We  briefly  describe  the  essence  of  the  recursion 
method  (see  ref.  11  for  details).  In  this  method 
the  local  density  of  states  p(E,  r,)  at  site  r,  is 
expressed  as 

p(E,  r)  =  —  (1  /ir)  lim  Im  G(E  +  ie,  r,)  (1) 

«  — *  0 

Here  G(z ,  r()  is  Green’s  function,  which  can  be 
represented  by  a  continued  fraction  involving  the 
recursion  coefficients  a„  and  bn: 

G(z,  rt)  =  - -  (2a) 

z-a0  —2 

z  —  ax  —  — 

where  the  recursion  coefficients  an  and  b„  satisfy 
the  following  recursion  relation: 

//]«„>=  an  \un  >  +  b„  + ,  \un  + ,  >  +  bn  \un  _ , )  (2b) 

Here  H  is  a  one-electron  Hamiltonian,  and  {«„} 
denotes  the  orthonormal  basis  set,  which  tridi- 
agonaiizes  the  Hamiltonian  matrix  consisting  of 
elements  <</>J//|</>„)  between  atomic  orbitals 
and  </>„.  Suffixes  p.  and  v  indicate  atom  sites. 

The  total  electronic  energy  £tola,  can  be  cal¬ 
culated  as 

£> 

£.0.3,  =  2  J  Ep(E,r,)dE  (3) 

—  oo 

where  summation  over  r,  is  taken  for  all  inequiv¬ 
alent  sites  in  the  unit  cell,  and  EF  denotes  the 
Fermi  energy. 


TABLE  1.  Lattice  constants  (A)  used  in  this  wi  k 


Compound 

LI  2 

DO* 

Ref. 

a 

a 

c 

AljTi 

3.968 

3.848 

8.585 

8 

AljY 

4.275 

4.123 

9.194 

4 

AljZr 

4.073 

3.928 

8.759 

4 

AljNb 

3.991 

3.845 

8.601 

4 

NijAl 

3.570 

3.570 

7.140 

15 

NijSi 

3.507 

3.507 

7.014 

15 

NijGa 

3.582 

3.582 

7.164 

IS 

Ni3Ge 

3.567 

3.567 

7.134 

15 

O  A  .  •  B 


(a)  (b) 

Fig.  1.  Crystal  structures  for  A3B  compounds:  (a)  cubic  Ll2;  (b) 
tetragonal  DO*. 

We  need  to  evaluate  the  Hamiltonian  matrix 
elements  such  as  <<£J H\<f>^)  between  orbitals  on 
the  same  atom,  and  ones  such  as  between 

orbitals  on  nearest-neighbor  atoms.  The  former 
corresponds  to  the  on-site  atomic  energy  (en/), 
whereas  the  latter  corresponds  to  the  hopping 
energy  (ehop)  of  an  electron  from  atom  to  atom. 
We  use  the  atomic  energy  values  obtained  from 
a  self-consistent  field  calculation  based  on  the 
prescription  of  Herman  and  Skillman  [12]  using 
Schwarz  exchange-correlation  parameters  [13],  and 
ehop  values  obtained  from  universal  parameters 
proposed  by  Harrison  [14].  We  have  treated  clusters 
of  2046  atoms  for  all  the  compounds  investigated 
here,  taking  a  recurrence  chain  length  as  L  =  17. 
Gaussian  quadrature  was  used  when  integration 
was  involved,  such  as  in  eqn.  (3).  We  checked  the 
convergence  of  £,olai,  varying  L  from  15  up  to  25, 
and  found  that  sufficient  convergence  is  obtained 
at  L  =  17.  The  total  energies  of  each  compound 
in  the  DO^  and  Ll2  structures  were  calculated 
for  a  given  lattice  constant.  Experimentally  ob¬ 
tained  lattice  constants  were  used  for  stable  phases, 
and  for  the  other  virtual  phases  theoretical  values, 
determined  by  Xu  and  Freeman  [3],  were  used. 
For  Ni-based  compounds,  however,  there  are  no 
theoretical  data  available.  We  therefore  set  the 
value  of  the  da  ratio  of  D022  to  be  2,  since  this 
is  close  to  the  experimental  values  of  2.037  in 
Ni3V  and  2.055  in  Ni3Ta  [15].  The  lattice  param¬ 
eters  used  are  listed  in  Table  1.  Crystal  structures 
for  Ll2  and  D022  are  shown  in  Fig.  1. 


Results  and  discussion 

In  order  to  verify  the  validity  of  our  approach, 
based  on  the  RTB  method,  we  chose  Al3Nb  and 
Al3Ti  as  test  cases.  Results  for  £,olai  obtained  using 


216 


TABLE  2.  Total  electronic  energy  £u„,i  in  eV  per  unit  cell  and 
the  energy  difference  A£-£,oui(Ll2)  _£1Oi.i(D0i2)  in  eV  per  atom 
for  the  Al-based  compounds 


Compound 

^tOUlCHl) 

£loul(D0l2) 

A£ 

Ref. 

AljTi 

-27 0.085 

-271.324 

+  0.155 

this  work 

+  0.19 

8 

+  0.06 

2 

+  0.05 

4 

+  0.025 

7 

AljY 

-267.784 

-266.797 

-0.123 

this  work 

-0.115 

2 

-0.115 

3 

AljZr 

-269.015 

-269.662 

+  0.081 

this  work 

+  0.03 

2 

+  0.01 

3 

AljNb 

-273.143 

-274.662 

+  0.19 

this  work 

+  0.79 

8 

+  0.20 

2 

+  0.265 

3 

the  same  lattice  constants  and  the  same  atomic 
orbitals  as  in  ref.  8  are  tabulated  in  Table  2  along 
with  the  results  for  other  compounds  investigated 
in  this  study  and  the  results  obtained  by  other 
researchers  [2-4,  7,  8].  The  atomic  orbitals  used 
were  A1  3s  and  3p,  Ti  3d  and  4s,  and  4d  and  5s 
of  Y,  Zr  and  Nb.  Our  results  for  the  energy 
difference  between  the  D022  and  Ll2  phases  show 
that  the  DO^  phase  is  stable  against  the  Ll2  phase 
in  both  compounds,  in  agreement  with  experiment 
[16],  Our  value  of  the  energy  difference  per  atom 
for  Al3Ti  is  in  good  accord  with  that  of  Inoue  et 
al.  [8],  who  used  the  XHTB  method,  but  differs 
by  factors  of  2.5  and  6,  respectively,  from  those 
obtained  by  Carlsson  and  Meschter  [2]  using  an 
augmented  spherical-wave  (ASW)  method  and  by 
Fu  [7]  using  the  FLAPW  method. 

For  Al3Nb  the  energy  difference  per  atom  is 
about  one  half  of  the  value  obtained  by  Xu  and 
Freeman  [3]  using  the  LMTO  method;  it  is  a 
factor  of  4  smaller  than  the  value  of  Inoue  et  al. 
[8]  using  the  XHTB  method.  Nevertheless,  the 
RTB  method  does  correctly  predict  the  stability 
of  the  DO^  phase  against  the  Ll2  phase  in  Al3Ti 
and  AI3Nb. 

Al-based  compounds 

In  Fig.  2,  the  values  of  the  energy  difference 
(A£s£tolal(Ll2)  — £totaI(D022))  per  atom  between 
the  D022  and  Ll2  phases  for  various  Al-based 
compounds  are  shown  together  with  the  values 
obtained  by  Freeman’s  group  [3,  4],  The  com¬ 
pounds  are  arranged  on  the  abscissa  in  Fig.  2  in 
such  a  way  that  their  lattice  constants  in  the  Ll2 
phase  increase  from  left  to  right.  Although  our 


Fig.  2.  Total  energy  difference  A E  between  the  Ll2  and  DOz, 
phases  for  Al-based  compounds  as  a  function  of  the  lattice 
constant  in  the  Ll2  phase.  The  solid  line  denotes  the  present 
results;  the  dashed  line,  the  results  of  Freeman's  group  [3,  4], 
The  insert  shows  the  number  of  valence  electrons  (n)  for  the 
compounds. 

results  are  not  in  complete  agreement  with  those 
of  Freeman’s  group  [3,  4],  we  nevertheless  are 
satisfied  with  our  approach,  because  —  within  the 
framework  of  the  tight-binding  approximation  — 
we  can  reproduce  results  derived  from  much  more 
sophisticated  calculations  based  on  the  LMTO 
method.  The  insert  in  Fig.  2  indicates  the  number 
of  valence  electrons  (n)  versus  the  lattice  constant. 
It  is  seen  that  the  change  in  n  correlates  with  the 
change  in  AE,  particularly  for  the  results  of  Free¬ 
man’s  group.  Xu  and  Freeman  [3]  have  pointed 
out  that  the  structural  stability  of  these  Al-based 
compounds  can  be  adequately  explained  in  terms 
of  a  simple  rigid-band  concept. 

Ni-based  compounds 

Before  presenting  the  results  for  phase  stability, 
let  us  check  the  results  for  the  density  of  states 
(DOS),  which  is  an  important  quantity  in  deter¬ 
mining  whether  or  not  a  phase  is  stable.  Tanaka 
et  al.  [17]  studied  valence  electronic  structures  of 
Ni3Si  using  soft-X-ray  spectroscopy.  They  mea¬ 
sured  Si  K/3  and  Ni  emission  spectra,  which 
reflect  the  partial  densities  of  states  (PDOS)  of 
Si  p  and  Ni  d  states,  respectively,  as  well  as  the 
self-absorption  spectrum  corresponding  to  the  Ni 
U  emission.  The  latter  measurement  allowed  them 
to  determine  the  Fermi  energy. 

In  the  Ni-based  compounds,  empty  orbitals  were 
used  in  addition  to  the  occupied  orbitals,  namely 
the  Ni  3d,  4s  and  4p  orbitals  and  the  3s  (4s),  3p 
(4p)  and  3d  (4d)  orbitals  of  Al  (Ga)  and  Si  (Ge). 
Otherwise  we  could  not  reproduce  the  experi¬ 
mentally  determined  energy  separation  [17]  be¬ 
tween  the  peak  of  the  Ni  Lo  emission  spectrum 
and  the  Fermi  energy  in  Ni3Si.  In  order  to  take 
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the  d  states  into  account,  it  is  necessary  to  know 
the  values  of  the  parameter  rd  characterizing  a 
length  of  the  d  state  [14],  which  enter  into  the 
expression  for  the  hopping  energy  of  an  electron 
between  different  sites.  However,  the  rd  value  for 
the  empty  d  states  is  not  known,  so  we  estimated 
it  by  extrapolation  from  known  values.  The  known 
values  [14]  of  rd  for  transition  metals  are  plotted 
against  the  metallic  bonding  radius  (rB)  proposed 
by  Pauling  [18]  in  Fig.  3,  where  the  dashed  curves 
denote  the  extrapolation.  We  inferred  that  A1  and 
Si  atoms,  which  have  values  of  1.375  and  1.429 
A  for  rB,  should  be  located  on  the  extrapolated 
curve  for  the  3d  transition  metal  series,  and  that 
Ga  (rB  =  1.404  A)  and  Ge  (rB  =  1.444  A)  should 
be  located  on  the  curve  for  the  4d  transition  metal 
series.  The  adopted  values  of  rd  are  0.59,  0.60, 
0.91  and  0.89  for  the  empty  d  states  of  Al,  Si, 
Ga  and  Ge,  respectively.  The  PDOS  calculated 
by  the  RTB  method  are  compared  with  the  ex¬ 
perimental  Ni  L3  and  Si  K/3  emission  spectra  of 
Tanaka  et  al.  [17]  in  Fig.  4,  where  the  results  for 
Si  p-PDOS  obtained  using  another  value  of  rd  are 
also  shown.  Both  values  of  rd  gave  almost  the  same 
results  for  the  Ni  d-PDOS,  but  different  results 
for  the  Si  p-PDOS  with  respect  to  its  peak  position, 
as  seen  from  Fig.  4.  This  is  the  reason  why  we 
adopted  a  smaller  rd  value.  The  peak  positions  of 
the  Ni  d-  and  Si  p-PDOS  calculated  using  rd  =  0.60 
agree  well  with  experiment  [17].  The  low-energy 
side  of  the  PDOS  for  the  Si  p  state  deviates 
considerably  from  the  experimental  results.  The 
reason  for  this  deviation  seems  to  lie  in  the  tight- 


Fig.  3.  The  parameter  rd  for  transition  metals  vs.  metallic  bonding 
radius  rB:  (•)  3d  transition  metals;  (■)  4d  transition  metals. 
The  dashed  curves  are  extrapolated  so  as  to  form  smooth  lines. 
The  ra  values  are  from  ref.  14;  rB  values  from  ref.  18. 
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Fig.  4.  Calculated  Ni  d-PDOS  and  Si  p-PDOS  (solid  curves)  for 
NijSi  compared  with  Ni  L,  and  Si  K/3  emission  spectra  (broken 
curves),  respectively,  (a)  Si  p-PDOS  calculated  using  rd  =  1 .0;  (b) 
Si  p-PDOS  calculated  using  rd  *=  0.60;  (c)  Ni  d-PDOS  calculated 
using  rd  =  0.60.  Emission  spectra  taken  from  ref.  17. 


TABLE  3.  Total  electronic  energy  £,0„i  in  eV  per  unit  cell  and 
the  energy  difference  A£>=EIW,i(Ll2)  — -Eioi.ifDO^)  in  eV  per  atom 
for  the  Ni-based  compounds 


Compound 

£loul(D022) 

A£ 

NijAl 

-785.944 

-785.857 

-0.011 

-0.045* 

NijGa 

-791.825 

-791.759 

-0.008 

NijSi 

-821.135 

-821.054 

-0.010 

Ni3Ge 

-819.906 

-819.835 

-0.009 

•Ref.  1. 


binding  approximation.  We  should  note  that  the 
Ni  d-PDOS  is  dominant,  being  much  larger  than 
the  Si  p-PDOS  by  an  order  of  magnitude.  There¬ 
fore,  the  deviation  in  the  low-energy  side  of  the 
Si  p-PDOS  causes  little  problem  in  a  discussion 
of  the  total  energy,  which  will  be  made  below. 

The  results  for  the  total  energy  Etotal  for  the 
Ni-based  compounds  are  listed  in  Table  3,  and  a 
plot  of  the  total  energy  difference  A E  (the  same 
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Fig.  6.  Illustration  of  An  for  the  case  of  NijSi  and  Ni3Al.  The 
curve  is  the  TDOS  for  the  Ll2  phase.  We  note  that  the  TDOS 
of  NijSi  and  NijAl  are  hardly  distinguishable  from  each  other. 


Fig.  5.  Total  energy  difference  A E  between  the  Ll2  and  D0a 
{■•■■■.uses  for  Ni-based  compounds  as  a  function  of  the  lattice 
constant.  The  result  for  Ni3Al  obtained  by  Xu  el  al.  [1]  is  shown 
as  an  open  circle  for  comparison.  The  insert  is  the  same  as  in 
Fig.  2. 


plot  as  that  for  the  Al-based  compounds)  is  shown 
in  Fig.  5,  where  the  result  for  Ni3Al  obtained  by 
Xu  et  al.  [1]  is  also  illustrated  for  comparison.  On 
the  basis  of  our  results  the  Ll2  phase  is  predicted 
to  be  stable  in  Ni3Al,  Ni3Ga,  Ni3Si  and  Ni3Ge. 
This  is  consistent  with  experiment  [16].  The  A E 
value  for  Ni3Ga  is  the  smallest  of  the  four  Ni- 
based  compounds.  The  variation  in  the  value  of 
AE  from  compound  to  compound  seems  to  be 
related  to  the  number  of  valence  electrons  ( n ), 
illustrated  in  the  insert  in  Fig.  5.  We  note  that 
AE  for  the  Ni-based  compounds  is  smaller  by  an 
order  of  magnitude  than  that  for  the  Al-based 
compounds.  Therefore  no  marked  difference  in 
the  total  density  of  states  (TDOS)  between  the 
DO22  and  LI  2  phases  was  observed.  The  TDOS 
of  the  Ni-based  compounds  are  very  similar  to 
each  other:  they  have  a  main  peak  located  at 
— 10.07  eV,  corresponding  to  the  atomic  3d  level 
of  the  Ni  atom,  with  a  shoulder  at  the  Fermi 
energy  side,  their  separation  being  0.75  eV.  This 
indicates  that  the  rigid-band  concept  holds  for  the 
Ni-based  compounds  studied  here,  as  it  does  for 
the  Al-based  compounds,  as  pointed  out  by  Xu 
and  Freeman  [3].  In  the  following,  let  us  compare 
the  various  calculations.  The  Fermi  energies  are 
-9.066  (-9.068),  -9.062  (-9.071),  -8.812 
(-8.806)  and  -8.852  (-8.859)  eV  for  the  Ll2 
(D022)  phases  of  Ni3Al,  Ni3Ga,  Ni3Si  and  Ni3Ge, 
respectively;  and  their  densities  of  states  at  the 
Fermi  energy  are  1.67  (1.70),  1.56  (1.60),  1.29 
(1.30)  and  1.23  (1.25)  (states  eV-1  atom-1).  The 
TDOS  of  the  Ni3Si  and  Ni3Ge  group  are  to  be 
compared  with  those  of  Ni3Al  and  Ni3Ga,  since 
the  former  group  has  one  more  electron  than  the 
latter  group  per  formula  unit.  The  shift  of  EF  in 
Ni3Si  from  EF  in  Ni3Al  is  about  0.25 


(  =  9.066  —  8.812)  eV  in  the  Ll2  phase  and  about 
0.21  (  =  9.062-8.852)  eV  for  Ni3Ge  and  Ni3Ga. 
Therefore  the  number  of  electrons  accommodated 
in  this  shifted  energy  range,  An,  is  approximately 
An  =  (1.67  + 1.29)  X  0.25/2  =  0.37  (electron  atom-1) 
for  Ni3Si  and  (1.56  + 1.23)  x  0.21/2  =  0.29  (electron 
atom-1)  for  Ni3Ge.  Figure  6  illustrates  An  for  the 
case  of  Ni3Si  and  NijAl.  These  values  are  close 
to  1  electron  per  formula  unit,  which  is  equal  to 
1/4  (electron  atom-1).  We  note  that  in  the  Al- 
based  compounds  the  number  of  electrons  ac¬ 
commodated  in  the  energy  range  shifted  in  going 
from  A13Y  to  Al3Zr  is  about  0.36  (electron  atom-1), 
and  it  is  about  0.19  (electron  atom-1)  between 
Al3Zr  and  Al3Nb.  These  values  are  interpreted 
from  Fig.  3  in  ref.  3. 

Under  the  assumption  that  the  rigid-band  ap¬ 
proximation  holds,  we  made  an  attempt  to  examine 
how  AE  varies  with  the  change  in  the  number  of 
valence  electrons  n  and  to  investigate  whether  the 
structural  change  from  Ll2  to  D022  occurs  by 
elemental  addition  of  atoms  such  as  Co  and  Cu 
into  Ni-based  compounds.  We  calculated  A E(n), 
defined  below,  as  a  function  of  n,  assuming  the 
rigid-band  approximation: 

EUn) 

A E(n)=  I  EDl(E)  d E- 

where  DL(E)  and  Dd(E)  are  the  total  densities 
of  states  for  the  Ll2  and  D022  phases;  EF{n)  and 
Ef(/i)  denote  the  Fermi  energy  determined  as  a 
function  of  n  in  the  Ll2  and  D022  phases  as  follows: 

£k") 

n=  J  Dl(E)  dE  =  J  DD(E)dE  (4b) 

—  oo  —  oo 

The  calculated  values  of  A E(n)  are  shown  in  Fig. 
7.  The  value  of  AE  for  Ni3Al  and  Ni3Ga,  whose 
constituent  atoms  belong  to  the  same  group,  in¬ 
creases  and  changes  sign  with  increasing  n,  while 
that  for  Ni3Si  and  Ni3Ge,  belonging  to  the  same 
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‘ 
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Fig.  7.  The  results  for  eqn.  (4),  which  indicates  the  variation  of 
the  total  energy  difference  A£(n)  between  the  Llj  and  D0a 
phases  with  the  number  of  valence  electrons  n  in  the  rigid-band 
approximation:  (a)  Ni3Al;  (b)  Ni3Ga;  (c)  Ni3Si;  (d)  Ni3Ge.  The 
results  of  model  calculations  (see  text  for  details)  are  also  shown 
using  solid  circles:  (1)  50%  Co;  (2)  30%  Co;  (3)  10%  Co;  (4) 
10%  Cu;  (5)  30%  Cu;  (6)  50%  Cu. 

group,  does  not  change  sign  in  the  range  of  n 
investigated.  It  follows  that  in  the  former  group 
there  is  a  possibility  of  structural  change  by  addition 
of  Co  and  Cu,  whereas  in  the  latter  group  such 
a  possibility  is  unlikely.  We  are  interested  in 
alloying  in  which  Ni  atoms  are  replaced  by  sub¬ 
stitutional  solute  elements.  However,  we  should 
note  that  the  results  obtained  in  the  rigid-band 
approximation  do  not  reflect  the  effect  of  site 
preference  of  solute  elements,  depending  only  on 
the  change  in  the  number  of  valence  electrons. 
Therefore,  in  the  following  we  will  try  to  do  a 
model  calculation  in  which  we  can  specify  the  sites 
at  which  the  solute  elements  substitute. 

It  is  not  difficult  to  carry  out  actual  calculations 
for  the  compounds  with  alloying.  However,  the:e 
are  so  many  possible  configurations  to  be  taken 
into  account  that  a  large  computational  time  is 
required.  Instead  of  doing  rigorous  calculations 
for  each  configuration,  we  performed  a  model 
calculation  in  which  the  effect  of  alloying  is  assumed 
to  be  represented  by  a  change  in  the  nature  of 
the  atoms  caused  by  the  replacement  of  Ni  atoms 
by  substitutional  solute  elements.  Let  us  remember 
here  that  in  our  present  treatment  atomic  prop¬ 


erties  are  completely  characterized  by  atomic  ener¬ 
gies  and  Harrison’s  universal  parameters  [14].  For 
example,  in  the  case  of  [Ni1_xCui]3Al,  where  x% 
Cu  atoms  substitute  for  Ni  sites,  we  thus  assign 
a  virtual  atom  in  all  Ni  sites.  This  virtual  atom 
is  made  in  such  a  way  that  its  atomic  properties 
are  defined  by  a  virtual  crystal  approximation  for 
describing  disordered  systems.  For  instance,  the 
on-site  atomic  energy  en,  for  a  virtual  atom  is  given 
by  xen/(Cu)  +  (1  -x)efl/(Ni).  We  assume  that  all 
other  atomic  values,  such  as  hopping  energies,  are 
defined  by  Vegard’s  rule.  We  have  performed  the 
calculations  for  the  total  energy,  choosing  Co  and 
Cu  atoms  as  alloying  elements  substituting  Ni 
atoms.  The  results  are  compared  with  the  values 
predicted  by  the  rigid-band  approximation  in  Fig. 
7.  The  addition  of  50%  Co  shifts  EF  to  the  low- 
energy  side  by  about  0.2  eV,  and  the  addition  of 
50%  Cu  causes  a  shift  in  EF  of  about  +2.0  eV 
for  all  Ni-based  compounds  investigated  here. 
Model  calculations  show  a  variation  in  A E  qual¬ 
itatively  similar  to  that  in  the  rigid-band  approx¬ 
imation.  Our  model  is  not  exact,  as  it  involves 
some  assumptions,  but  we  believe  that  it  provides 
a  qualitatively  accurate  picture  concerning  phase 
stability  in  the  case  when  substitutional  atoms  are 
added  to  replace  Ni  atoms. 


Conclusions 

We  studied  the  phase  stability  of  Ni-based  com¬ 
pounds  Ni3X  (X  =  A1,  Si,  Ga  and  Ge)  as  well  as 
Al-based  ones  A13X  (X  =  Ti,  Y,  Zr  and  Nb)  using 
the  recursion  method  within  the  tight-binding  ap¬ 
proximation.  When  our  results  were  compared 
with  previous  studies,  it  was  found  that  the  value 
of  the  total  electronic  energy  difference  A£ 
[  ^total  (LI*)  —  £|Oiai(D022)]  between  the  Ll2  and 
D022  phases  is  correlated  with  the  number  of 
valence  electrons  in  both  the  Al-  and  Ni-based 
compounds.  We  also  investigated  how  AE  varies 
when  substitutional  solutes  are  added  to  the  Ni- 
based  compounds  in  the  rigid-band  approximation 
and  performed  a  model  calculation  in  which  the 
effect  of  solute  addition  was  expressed  by  a  change 
in  the  atomic  nature  of  the  host  atoms.  Quali¬ 
tatively,  the  same  results  were  obtained  from  both 
the  rigid-band  approximation  and  the  model  cal¬ 
culation.  They  predict  that  there  is  a  possibility 
for  the  structural  change  from  Ll2  to  D022  in 
Ni3Al  and  Ni3Ga,  when  solute  atoms  are  added 
so  as  to  substitute  Ni  atoms  and  increase  the 
number  of  valence  electrons. 
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The  Mechanism  of  the  Tetragonal  to  MonodinK  Transformation  in  YNbO^  J.  L.  SHULL, 
B.  N.  Sun,  and  W.  M.  Kriven,  Department  of  Materials  Science  and  Engineering, 
University  of  Illinois  at  Urbana-Champaign,  Urbana,  IL  61801. 

The  tetragonal  (scheelite)  and  monodinic  (fergusonite)  phases  of  yttrium  niobate 
(YNbO^  have  been  shown  to  be  structurally  analogous  to  the  tetragonal  and 
monodinic  phases  of  zirconia.  In  yttrium  niobate,  however,  the  tetragonal  to  monodinic 
transformation  occurs  at  approximately  810°C  compared  to  950°C  for  zirconia.  The 
mechanism  of  the  transformation  in  yttrium  niobate  also  appears  to  be  quite  different 
from  that  of  zirconia.  Other  investigators  have  observed  that  extensive  cracking  does 
not  occur  in  yttrium  and  other  rare  earth  niobates  when  they  are  cooled  through  the 
transformation.  This  suggests  that  there  is  no  discontinuous  volume  change  assodated 
with  the  transformation  in  YNb04  as  there  is  in  zirconia.  In  this  study  the  authors  have 
attempted  to  verify  the  order  of  the  transformation  and  determine  the  actual 
transformation  mechanism. 

Powders  of  YNb04  were  prepared  using  a  chemical  synthesis  method,  and  these  were 
used  to  fabricate  polycrystalline  yttrium  niobate  disks.  Single  crystals  of  YNb04  were 
also  grown  using  the  Czocharlski  technique.  The  tetragonal  -»  monodinic  and 
monodinic  ->  tetragonal  transformations  were  observed  directly  using  hot  stage  optical 
microscopy  of  single  crystal  YNb04  and  hot  stage  TEM  studies  of  polycrystalline 
YNb04.  The  transformation  was  also  studied  using  high  temperature  thermal  analysis 
(dilatometry  and  differential  scanning  calorimetry)  and  high  temperature  x-ray 
diffraction. 


High  Temperature  Phase  Transformation  in  Y4A1209,  Gc^AI^*  and  Dy4Al209/  J.  L. 
SHULL  and  W.  M.  Kriven,  Department  of  Materials  Science  and  Engineering, 
University  of  Illinois  at  Urbana-Champaign,  Urbana,  IL  61801. 

Some  dilanthanide  aluminates  (2Ln2G3  •  A12C>3,  where  Ln  =  Y  and  Tb)  have  been 
observed  to  undergo  first  order  displadve  phase  transformations  at  temperatures  above 
1000°C.  These  transformations  are  characterize  by  a  thermal  hysteresis  of  ~90°C  and  a 
volume  increase  on  cooling  of  approximately  0.7%.  The  low  temperature  phase  has  a 
monoclinic  structure,  but  the  high  temperature  phase  has  yet  to  be  determined.  It  is 
believed  that  similar  phase  transformations  also  exist  in  dysprosium  and  gadolinium 
aluminate.  In  this  study  the  authors  have  attempted  to  determine  the  high  temperature 
crystal  structure  and  characterize  the  transformation  mechanism. 

Single  phase  homogeneous  powders  of  Y4A1209,  Gd4Al209,  and  Dy4Al2C>9, were 
synthesized  using  a  chemical  preparation  method.  These  powders  were  studied  as 
powders  and  were  used  to  make  polycrystalline  material.  High  temperature  thermal 
analysis  (DSC  and  dilatometry)  was  used  to  determine  the  exact  transformation 
temperatures,  thermal  hystereses,  and  volume  changes.  High  temperature  x-ray 
diffraction  was  used  to  determine  the  crystal  structure  of  the  high  temperature  phase. 
The  phase  transformation  was  observed  by  in-situ  TEM  studies  and  by  hot  stage 
polarized  reflected  light  microscopy. 


Accepted  abstract  for  the  International  Conference  on  Solid  to  Solid  Phase 
Transformations,  Pittsburgh,  PA  July,1994. 
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STRUCTURAL  RELAXATIONS  IN  THE  GHz  FREQUENCY  RANGE  IN 
GLASS  FORMING  SILICATE  MELTS 
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•Department  of  Materials  Science  &  Engineering.  University  of  Illinois.  Urban*  IL  61 801 
••Department  of  Geology,  University  of  Illinois,  Urbana  IL  61801 


ABSTRACT 

The  Brillouin  light  scattering  technique  is  used  for  the  investigation  of  structural  relaxations  in 
glass-forming  liquids  at  high  temperatures.  From  the  analysis  of  the  line  shapes  of  Rayleigh  and 
Brillouin  peaks,  the  friction  coefficients,  which  are  associated  with  the  atomic  scale  mechanisms  of 
the  structural  relaxations  in  these  systems,  are  determined.  Results  for  a  series  of  K2O-S1O2 
compositions,  which  were  chosen  as  model  substances,  are  reported.  As  a  function  of 
temperature,  maxima  in  the  Brillouin  line  widths  were  observed,  which  reflect  resonant  conditions 
of  molecular  scale  structural  motions,  where  the  relaxation  time  is  of  the  order  of  the  reciprocal 
Brillouin  frequency  shift.  Due  to  thermal  activation  of  the  component  mobilities,  different 
relaxation  mechanisms  couple  at  different  temperatures.  Typically,  at  least  one  strongly  absorbing 
regime  is  observed  in  between  the  glass  transition  and  the  equilibrium  melting  temperatures.  The 
prominence  of  this  regime  decreases  with  increasing  silica  concentration.  The  friction  coefficients 
approach  the  hydrodynamic  viscosity  in  the  high  temperature  limit,  when  the  relaxation  times 
become  short  in  comparison  with  the  time  scale  of  the  Brillouin  shift 


INTRODUCTION 

The  predominant  method  for  the  production  of  glassy  materials  is  the  melt  processing.  There  is 
much  incentive  for  a  better  understanding  of  the  visco-elastic  behavior  of  glass  forming  substances 
at  stages  just  before  the  structural  constituents  become  trapped  in  their  final  structural  state. 

The  formation  of  amorphous  solids  is  the  result  of  a  kinetic  anest  of  structural  relaxations.  As 
the  mobilities  of  molecular  particles  decrease,  their  motion  becomes  correlated  with  that  of  an 
increasing  number  of  neighboring  particles.  The  structural  changes  in  the  glass  forming  liquids 
and  the  dynamic  response  of  their  molecular  constituents  are  closely  coupled. 

Relaxations!  spectroscopy  has  long  been  recognized  as  a  powerful  method  for  the  investigation 
of  complex  structures.!1)  The  actuation  Of  structural  components  into  forced  vibration  can  be  done 
by  direct  mechanical  coupling,1 P-4)  or  through  the  intermediate  of  dielectric  polarization.!*-7)  In  the 
latter  case,  one  takes  advantage  of  the  polarized  nature  of  atomic  constituents  of  the  structure  and 
induces  small  scale  deformation  by  applying  an  alternating  electric  field.  This  field  can  be 
established  between  electrically  conducting  electrodes  or  in  the  form  of  electromagnetic  radiation. 
By  changing  the  frequency  of  the  applied  force,  one  can  create  resonant  conditions  for  various 
relaxation  mechanisms  and  determine  the  characteristic  relaxation  times  of  these  processes. 

At  temperatures  above  the  glass  transition,  the  size  of  structural  features,  that  are  likely  to  form 
by  stochastic  fluctuations  and  that  act  as  nuclei  for  crystallization,  varies  between  several  and  a  few 
hundred  nanometers.  Since  the  density  fluctuations  can  propagate  with  the  velocity  of  sound,  the 
lifetime  of  the  clusters  can  be  as  short  as  picoseconds.  The  expected  time  and  length  scales 
suggests  the  Brillouin  light  scattering  technique  as  the  suitable  tool  of  investigation,  since  it  covers 
the  frequency  range  between  10®  and  1011  Hz. 


RELAXATIONAL  SPECTROSCOPY  ,  . 

When  imposing  constraints  onto  a  visco-elastic  substance  that  cause  it  to  deviate  from  its  current 
equilibrium,  the  system  responds  by  flowing  to  a  new  equilibrium  situation.  If  the  imposed 
constraint  oscillates  with  time,  the  relaxational  behavior  can  be  characterized  by  comparing  the 
phase  shift  between  the  excitation  and  its  response.  In  the  limit  of  very  small  deformations,  which 
may  be  localized  within  several  interatomic  distances,  the  reaction  of  the  structure  to  the  imposed 
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constraint  can  be  described  by  the  response  function,  which  is  defined  as  the  ratio  between  the 
magnitudes  of  a  system  variable,  X(0i),  and  the  exciting  force,  Fg(a )): 


X((Q) 

F'(co) 


=  /i  *(<!>)  = 


y _ h. - 

i  oilj-m’-iav. 


=!*>• 


ajj  -  a3  +  imvl 
{a>lj-o)')  +<u,vj 


(1) 


The  two  coefficients  that  are  used  to  describe  the  dynamic  response  of  it.  -  material  are  the  elastic 
constant,  expressed  as  the  resonant  frequency,  qjo,  and  the  kinematic  friction  coefficient,  v.  Both 
these  coefficients  are  normalized  with  respect  to  the  mass  of  structural  feature  whose  response  they 
describe.  The  summation  in  eq.  (1)  is  carried  over  all  structural  details  whose  behavior  may 
influence  the  dynamic  variable  and  the  g,-  are  weighting  factors. 

Much  of  the  speculation  during  the  analysis  of  relaxation al  spectra  concerns  the  nature  of  the 
mechanisms  that  contribute  to  the  energy  dissipation  and  their  relative  importance.  In  the  least 
number  of  cases  all  mechanisms  are  known  with  precision,  such  that  an  enumeration  as  in  eq.  (1) 
is  not  possible.  An  alternative  form  of  writing  this  equation  is  by  replacing  the  individual 
weighting  factors,  gj,  with  a  continuous  distribution,  g(vj,  and  the  sum  with  an  integral: 


F*(a>)=  I g(v)  -  i-  } - — 

;  (ml -co2)  +tuV 


dv 


(2) 


The  result  of  this  integration  is  the  complex  modulus ,  n*(m)  -  M'+iM',  which  can  be  divided 
into  a  real  and  an  imaginary  part 

When  resonant  conditions  are  established  between  the  exciting  probe  and  a  sufficiently  mobile 
structural  feature,  the  imaginary  pan  of  this  complex  modulus,  which  represents  the  amount  of 
energy  that  is  exchanged,  is  at  a  maximum.  Hence,  by  measuring  the  amount  of  energy  that  is 
absorbed  due  to  internal  friction  as  a  function  of  the  frequency  ,  one  can  determine  the  friction 
coefficient.  On  an  atomic  scale  the  friction  in  a  liquid  structure  is  due  to  the  momentum  exchange 
during  collisions  between  atoms.  The  atomic  displacements  are  thermally  activated,  such  that  in  a 

first  approximation,  one  can  assume  an  Arrhenius  dependence,  v  =  v,  ■  ec‘rT,  where  E&  is  the 
activation  energy.  By  substituting  this  expression  in  eq.  (2),  one  recognizes  that  any  activated 
processes  involved  in  the  relaxation  introduce  a  temperature  dependence  in  the  complex  modulus: 


al-a1  +ia-v0et‘,T 
(taj-ai1)  +  cb1  •  vj  ■  eH‘n  A 


(3) 


The  additional  difficulty  arises  from  the  need  for  information  concerning  the  distribution 
function  g(E).  In  the  simplest  case  of  a  single  energy  activation,  g(E),  assumes  the  form  of  a  Dirac 
function.  For  more  complex  structural  relaxation  processes,  activation  energies  are  distributed 
over  a  band  of  energies.  It  is  customary  to  assume  empirical  functions  that  provide  a  best  fit  of  the 
experimental  data/1-8)  The  examination  of  complex  modulus  according  to  eq.  (3)  reveals  that  for 
each  mode  of  the  distribution  function,  g(E),  the  imaginary  pan  of  p*  exhibits  a  maximum 
somewhere  on  the  temperature  scale. 


INELASTIC  LIGHT  SCATTERING 

In  this  research  we  used  the  electric  field  of  light  to  excite  the  structure  of  liquid  silicate  systems. 
The  Brillouin  technique  consists  in  examining  the  energy  changes  of  electromagnetic  waves  that 
scatter  inelastically  when  passing  through  a  dielectric  substance.  For  a  substance  to  scatter  light, 
there  need  to  be  inhomogeneities  of  the  dielectric  constant,  which  can  be  realized  by  density 
fluctuations  or  fluctuations  in  the  chemical  composition.  In  a  chemically  homogeneous  liquid, 
density  fluctuations  can  exist  due  to  changes  in  pressure  and  temperature.  The  density  fluctuations 
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due  to  temperature,  ( dp/3T)f ,  cannot  propagate  but  disappear  due  to  a  targe  thermal  conductivity, 
A.  This  leads  to  Rayleigh  scattering  at  the  frequency  of  the  incident  light,  (o.  The  density 

fluctuations  due  to  pressure,  (dp/dp)T,  can  propagate  with  the  velocity  of  sound,  co-  This  leads  to 
Brillouin  scattering  at  frequencies  which  are  Doppler  shifted  with  respect  to  that  of  the  incident 
light  by  hj-co.  where  q  is  the  wavevector  of  the  elastic  wave. 

The  relationships  between  p,  T  and  p  in  a  fluid  phase  can  be  established  through  the  balance 
equations  for  mass  (continuity),  momentum  (linearized  Navier-Stokes)  and  energy  (Fourier's 
second  law).  The  simultaneous  solution  of  these  balance  equations  yields  an  expression  for  the 

density  fluctuations,  (p(-q,0)- p(q,t)),  which  after  Fourier  transform  yields  the  dynamic  structure 
factor,  S(q.o>).(9'10)  The  normalized  scattering  intensity  can  be  expressed  as  a  function  of  the 
wavevector,  q,  and  the  frequency,  a,  as 


S(q.<0)  (1  ,  1  q2  T  q2  r 

Siq.O)  0)2+(q2K/pecf )  /[(rn-t-c,?)1  +(?Jr)  (co-c0q)2  +  (?T) 


(4) 


where  y 


.i.r.MXiL 

c.  2p „  {p0cf) 


•  (y  - 1),  PD  is  the  average  density,  cp  and  c»  are  the  heat 


capacities  at  constant  pressure  and  constant  volume.  Based  on  this  formalism,  the  spectrum  of  the 
scattered  light  can  be  analyzed  in  terms  of  the  transport  coefficients  in  the  liquid. 


EXPERIMENTAL 

The  glass  melts  were  prepared  from  powders  of  fumed  silica  and  alkali  carbonates,  with  less 
than  0.1%  total  impurities.  The  powders  were  intimately  mixed  before  they  were  melted  in  a  small 
platinum  crucible.  After  several  hours  of  equilibration  in  air  the  sample  holders  were  filled  with 
material  by  simply  dipping  them  into  the  liquid  silicates.  The  sample  holders  consisted  of 
platinum-rhodium  wire,  that  was  bent  in  form  of  a  double-loop  spiral.  This  form  allowed  for  an 
optimal  containment  of  the  liquid  with  a  minimum  of  surrounding  material,  and  resulted  in  a 
minimal  scattering  from  the  platinum  surface.  The  liquid  assumes  the  shape  of  a  slightly  bulged 
cylinder  of  about  3  mm  height  and  4  mm  diameter.  The  menisci  that  form  at  the  surfaces,  and 
through  which  the  incident  and  scattered  light  passed  were  sufficiently  flat  to  conserve  the  90° 
scattering  geometry  (the  light  beam  entered  through  the  bottom  and  the  scatteri_d  light  was  collected 
off  the  center  of  die  side).  For  the  scattering  experiments,  the  samples  were  suspended  in  a  small 
*  furnace  which  was  heated  by  a  platinum  coil. 

For  the  collection  of  spectra,  the  samples  were  heated  to  the  highest  temperature  and 
subsequently  cooled  in  steps  of  approximately  20°C.  The  samples  were  held  at  each  temperature 
for  a  few  minutes  to  assure  thermal  adjustment  before  spectra  were  measured.  The  incident  light 
was  produced  by  a  single-mode  Argon  laser  at  a  wavelength  of  0.5145  pm.  The  scattered  light 
was  analyzed  using  a  six  pass  Fabry-Perot  tandem  interferometer.^ ')  Using  standard  non-linear 
least  squares  procedures,  the  data  was  fit  with  eq.  (4).  In  this  study  we  were  mostly  interest'd  in 
the  viscosity  coefficients,  which  are  reflected  in  the  full  width  at  half  height  of  the  Brillouin  peaks, 
according  to 


(5) 
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The  magnitude  q  of  the  wavevcctor  describing  the  elastic  wave  is  related  to  the  scattering  angle, 
2o),  •  n 

6,  of  the  light  according  to  q  «  — L - sin  9J2,  where  n  is  the  refractive  index  of  the  medium, 

CL 

is  the  frequency  and  cl  is  the  velocity  in  vacuum  of  the  incident  light  The  room  temperature 
values  for  n  at  the  various  compositions  were  taken  from  the  literature/12)  Based  on  observations 
on  crystalline  oxides/13)  the  temperature  dependence  of  n  was  assumed  to  be  negligible  within  the 
accuracy  of  the  present  data. 


RESULTS  AND  DISCUSSION 


The  data  reported  in  fig.  1  corresponds  to  the  reduced  linewidth  r  of  eq.  (5),  which  has  the 
dimension  of  a  kinematic  viscosity,  but  contains  a  contribution  due  to  thermal  conductivity.  In 
principle,  it  would  be  possible  to  eliminate  the  broadening  of  the  Brillouin  peak  due  to  thermal 
conductivity  by  using  the  width  of  the  Rayleigh  peak  according  to 


=  ^-[Aa>t-Aov(y-/)]. 


(6) 


The  direct  measurement  of 
the  widths  of  die  Rayleigh 
peaks  is  encumbered  due  to 
the  strong  background  from 
black  body  radiation  and  the 
presence  of  macroscopic 
defects  such  as  bubbles  in 
some  melts.  The  procedure 
for  the  elimination  of  the 
background  described  by 
Krol  et  al.,0*)  was  not 
reliable  for  all  our  samples. 
For  the  purpose  of 
consistency,  we  prefer  to 
base  our  discussion  on  the 

Brillouin  line  widths  f~, 
which  are  a  direct  measure  of 
the  kinematic  viscosities  v 
and  include  an  unspecified 
background. 


Fig.  1 

Reduced  Brillouin  Bne  widths  r 
of  amorphous  K20-SI02 
systems  as  a  function  of  the 
temperature.  The  data  (or  the 
different  compositions,  except 
lor  the  lowest  set,  are  offset  to 
avoid  overlaps,  but  they  are  alt 
plotted  on  the  same  scale. 
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In  fig.  1.  we  plotted  the  rvalues  determined  for  a  series  of  K2O-S1O2  compositions,  including 
those  for  pure  silica,  as  a  function  of  the  temperature.  All  measurements,  except  for  those  of  pure 
silica,  were  taken  in  the  sequence  of  decreasing  temperatures.  f  increases  with  increasing 
temperature.  This  tendency  reflects  the  increase  of  the  mobility  of  structural  components  with 
increasing  temperature,  as  it  is  expected  for  thermally  activated  transport  mechanisms.  With 
increasing  temperatures,  the  relaxation  times  for  the  activated  processes  become  smaller.  When  the 
relaxation  times  coincide  with  the  reciprocal  of  the  frequency  of  the  light,  the  probe  couples 
resonantly  with  the  relaxation  mechanism.  In  the  limit  of  very  high  temperatures,  where  the 
relaxation  time  for  hydrodynamic  flow  decreases  below  10*10  sec,  r  reaches  the  value  of  the 
infinite  frequency  hydrodynamic  viscosity.  The  friction  coefficients  determined  for  compositions 
with  low  silica  concentrations  show  a  tendency  to  rapidly  increase  at  temperatures  above  1 100°C. 
This  indicates  that  they  approach  the  high  temperature  limit,  where  they  coincide  with  the 
hydrodynamic  viscosities  of  these  liquids. 

At  temperatures  around  650“C.  the  alkali-rich  supercooled  liquids  show  a  small  maximum  in  the 
friction  coefficients.  The  prominence  of  this  maximum  is  reduced  with  increasing  silica 
concentration,  and  tends  to  disappear  above  73%  silica.  This  maximum  indicates  the  activation  of 
a  dissipative  process  in  the  supercooled  silicates.  Its  appearance  is  related  to  the  abundance  of  the 
potassium  cations,  which  suggests  cation  diffusion  as  the  mechanism  that  is  predominantly 
responsible  for  the  energy  dissipation  at  these  temperatures.  In  fig.  2,  we  compare  the  friction 
coefficients  for  the  K2O-S1O2  and  the  Na20-Si02  systems  with  comparable  silica  concentrations. 
It  appears  that  the  viscous  dissipation  in  the  sodium  silicate  is  significantly  stronger  than  in 
potassium  silicate,  which  may  reflect  a  higher  cation  mobility  in  the  first  system. 


Fig.  2 

Comparison  between  the 
reduced  Brillouin  line  widths  r 
tor  similar  compositions  ot  the 
systems  K20-SI02  and  NajO- 
Sid2. 


In  fig.  3.  we  compare  the  Brillouin  frequency  shifts  q-co  for  the  series  of  K2O-S1O2 
compositions  as  a  function  of  temperature.  This  shift  is  proportional  to  the  hypersonic  velocity  and 
is  a  measurr  for  the  isothermal  compressibility  of  the  substance.  We  notice  that  for  pure  silica  the 
shifts,  which  were  measured  in  sequence  of  increasing  temperature,  increase  with  increasing 
temperature.  This  behavior  was  also  found  by  Kiel  et  al.04)  In  the  supercooled  melts,  the 
opposite  tendency  is  observed,  at  least  until  the  glass  transition  temperature  is  reached.  The  kinks 
in  the  curves  of  fig.  3  indicate  the  glass  transition  temperature,!13-16)  where  the  elastic  properties 
change  discontinuously.  For  binary  systems  we  find  the  highest  glass  transition  temperature  at  the 
composition  with  67.5%  S1O2.  However,  the  temperature  dependence  of  the  hypersonic  velocity 
varies  continuously  with  the  increase  of  the  silica  concentration.  The  slope  gradually  decreases  and 
the  composition  with  73.5%  Si02  shows  a  negative  temperature  dependence  below  the  glass 
transition,  similar  to  pure  S1O2.  Hence,  with  decreasing  alkali  cation  concentration  the  formation 
of  a  silica  network,  which  determines  the  clasto-mechanical  properties  of  the  glass,  is  carried  to  a 
higher  degree  of  completion.The  trends  in  the  data  on  fig.  3  also  provide  room  for  the  speculation 
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that  with  decreasing 
temperature,  the  cyclization 
of  the  silica  network 
progresses  until  the  glass 
transition  temperature  is 
reached. 


Flp.  3 

Brittouin  frequency  shifts  of 
amorphous  K2O-SO2  systems 
as  a  function  of  the 
temperature. 
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